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Abstract 
This thesis investigates novel range semiconductor materials and structures for use in optoelectronic 
devices operating from UV to mid-IR. These devices have an abundant variety of applications, 
including optical communications and imaging. The studies primarily focus on the electronic band 
structure of the materials and how this impacts device performance. 
Dilute bismide III-V alloys are a material of great interest for IR applications, especially with the band 
structure engineering that can be carried out to fulfil the condition where the spin-orbit splitting energy, 
∆𝑆𝑂, is greater than the band gap, Eg (∆𝑆𝑂> 𝐸𝑔). With this condition fulfilled, the main Auger 
recombination process may be supressed, which enhances the efficiency and performance of IR devices. 
The quaternary bismide alloy, InGaAsBi, with bismuth fractions up to 8.4%, has been studied for its use 
in efficient mid-IR devices on lower cost InP substrates, using a number of optical techniques including 
temperature and power dependent photoluminescence (PL) and transmission and reflectance studies. 
These techniques measured the quality of the bismide growth and the change in band gap due to 
differing amounts of bismuth and indium for a range of MBE and MOVPE grown InGaAsBi samples. 
The findings from the optical techniques were compared with Rutherford Backscattering Spectrometry 
(RBS), which gave a detailed elemental composition and thickness for each layer in the samples, along 
with a detailed look into the defects that had occurred from the growth methods by examining 
channelling directions in the crystal structures. MOVPE growth was found to produce the higher quality 
crystal structure for bismuth fractions up to 1%, as evident from RBS and higher intensity PL, compared 
to MBE grown material. While MBE was found to be able to incorporate more bismuth (up to 6.5%), 
several defect states were present in the RBS channelling and PL studies. The use of all of these 
techniques enabled an in depth look into the growth of III-V bismides and to suggest improvements 
with regards to the challenging growth conditions. 
Fabrication of photodetectors that are relatively inexpensive and simple to manufacture, but still have a 
high performance are of great importance. Additionally, having a photodetector that could cover a 
broadband spectral response, including UV, visible and near-IR, would greatly increase the range of 
applications, along with the elimination for the need of multiple detectors to cover this spectral 
response. With this taken into account, hybrid Lead Sulphide (PbS) nanocrystals and C60 fullerite rod 
photoconductors were studied. Photoconductors were fabricated and compared using I-V 
characterisation, wavelength dependent responsivity and detectivity and the UV region was explored. 
The ratio of C60 fullerite rods to PbS nanocrystals in the fabrication of photoconductors was explored to 
optimise and increase repeatability of the device characteristics. The best photoconductors had an 
increase in current of ~1000 times upon illumination, with detectivity above 1010 Jones, a spectral 
response from 350-1200 nm along with a low response in the UV above 200 nm. 
The creation of C60 fullerites was explored to optimise their geometry as well as achieving long highly 
uniform rods, enabling efficient carrier transport. C60 in m-xylene added to isopropyl alcohol in a 3:2 
ratio produced the best results with long highly uniform rods with average length 32±2µm. 
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Glossary of Abbreviations 
The following is the list of abbreviations and symbols used in this work: 
 
LED Light emitting diode 
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VBAC Valence band anti-crossing 
Eg Band gap energy 
SO Spin-orbit band 
FET Field effect transistor 
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MEG Multiple exciton generation 
BAC Band anti-crossing 
HH Heavy hole band 
LH Light hole band 
CHCC Conduction-heavy hole-conduction-conduction 
CHLH Conduction-hole-light hole-heavy hole 
CHSH Conduction-hole-spin orbit-heavy hole 
IVBA Inter-valence band absorption 
VGa Gallium vacancy 
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GaAs Gallium antisite 
BiGa Bismuth antisite 
BiAs Substitutional Bismuth 
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Chapter 1 – Introduction 
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1.1 Introduction 
Over the past few decades semiconductor based devices have played a pivotal role in the 
development of various applications. Optoelectronics specifically have played a part in everyday 
life from infrared light emitting diodes (LED) in remote controls, LED bulbs, photodetectors in 
cameras, LED screens for computers or even organic LED (OLED) televisions and more recently 
quantum dot LED (QD-LED) televisions with improved display brightness and colours. Further 
uses are in fibre optic communication, lasers, solar cells and medical diagnostic techniques, for 
example optically-based medical imaging. Photonic devices play a vital role in everyday life, but 
still have lots of room for improvements. Many of the existing devices can still be made more 
efficient, with solutions being found in novel materials. As can be seen from the focus of research 
switching from silicon and germanium elemental semiconductors to compound semiconductors 
such as alloys of III-Vs. Choosing the correct material for the optoelectronic device depends upon 
the emission and absorption wavelength ranges required for the application.  
Nanomaterials have emerged as one of the more interesting multi-disciplinary fields for 
researchers to study, with many areas covered including physics, chemistry, biology, electronics, 
materials science and engineering. Optoelectronic devices utilising nanomaterials are of great 
interest as another novel solution to the problems photonic devices are experiencing, which include 
performance, stability, cost, lifetime and speed.  
This thesis focusses on different semiconductor approaches, specifically bismide 
containing alloys, for their application in near and mid infra-red light emitting and detecting 
devices and the optimisation of the growth methods. Alongside this quantum dot nanocrystals were 
looked at for their use in photodetectors, specifically hybrid lead sulphide (PbS) nanocrystals and 
buckminsterfullerene (C60) fullerite devices with applications in the ultraviolet (UV), visible and 
near-infra-red (IR). 
 
1.1.1 Motivation for Bismuth Containing III-V Alloys 
The addition of bismuth into conventional III-V semiconductors like gallium arsenide 
(GaAs) and indium gallium arsenide (InGaAs) opens up a wide range of possibilities to extend the 
spectral range of the existing near-IR GaAs-based and indium phosphide (InP)-based light emitting 
and detecting devices to longer wavelengths in the mid-IR. Providing an additional degree of 
control on the conduction band and spin-orbit splitting as well as a fundamental approach to 
suppress unwanted loss processes which are currently the main unavoidable physical mechanisms 
limiting performance and efficiency of the near-IR and mid-IR photonic devices. Arsenic atom 
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substitution in conventional III-V alloys with small amounts of bismuth creates an energy state in 
the host valence band (VB) causing a VB anti-crossing (VBAC) interaction [1]. This strongly 
reduces the bandgap Eg by ~80 meV/Bi% and ~56 meV/Bi% in dilute bismide alloys of GaAs 
(GaAsBi) and dilute bismide alloys of InGaAs (InGaAsBi), respectively [2] [3] [4] [5] [6]. 
Addition of bismuth strongly increases the spin-orbit splitting energy separation by an enhanced 
electron spin-orbital (SO) angular momentum interaction within the heavier bismuth atoms. 
Therefore, at higher bismuth compositions in III-V bismides, the spin orbit splitting can be made 
larger than the bandgap offering a route to reduce or even eliminate, fundamental loss processes 
such as Auger recombination, which is expected to significantly improve the temperature stability 
of device output power [7]. This approach provides the added benefit of growth on well-established 
GaAs and InP substrates using well-established III-V device fabrication technologies. 
GaAsBi/GaAs could be suitable for near-IR, particularly 1.5 µm telecommunication devices, while 
InGaAsBi could span a wide spectral range from the near-IR and mid-IR out to 6 µm, while still 
maintaining tolerable strain levels on standard InP substrates. The growth methods for fabricating 
bismuth containing III-V alloys were looked at to improve the quality of the growth and enable 
higher bismuth contents to be grown.  
 
1.1.2 Motivation for Lead Sulphide Based Photodetectors 
Nanomaterials are being studied for utilization in optoelectronic devices such as 
photodetectors [8] [9] [10], LEDs [10] [11], field effect transistors (FETs) [10] [12] and 
photovoltaic cells [10] [13]. In particular photodetectors are used in a wide range of applications 
including optical based communications [9], remote sensing [8], night vision [8] and imaging [8] 
[14]. Different wavelengths are required for each application with 400-700 nm for photography and 
video capture, 1000-1700 nm for passive night vision and 900-1100 nm for biomedical imaging for 
tumor detection [8]. IR applications are found in astrophysics, monitoring climate and quality 
control [8]. 
Among all the nanomaterials studied for optoelectronic devices, PbS semiconductor 
nanocrystals, otherwise referred to as quantum dots have shown great promise with PbS 
nanocrystal photodetectors already outperforming conventional photodetectors in many ways, 
including low cost room temperature fabrication with solution processing, flexible substrate 
compatibility and broadband spectral sensitivity. With common substrates ranging from silicon, 
silicon oxide on silicon and quartz glass, with plastic flexible substrates possible, for example 
polyethylene terephthalate (PET) or polyethylene naphthalate (PEN). The nanocrystal diameter 
enables their optical gap to be tuned over a large range of wavelengths from 775 to 2066 nm, along 
with optical absorption extending this into the UV [15] [16]. This enables devices utilizing PbS 
nanocrystals to cover a large broadband of wavelengths and be used in place of multiple detectors 
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to cover the same range. Devices using PbS nanocrystals along with C60 fullerite rods were 
fabricated due to the increase in mobility over just PbS devices, to achieve the single detector 
applications, with the size of PbS nanocrystal and length of C60 fullerite rod investigated along with 
the optimum ratio between the two for performance as well as dark current. 
 
1.1.3 Layout of Thesis 
In this thesis, the optical properties of bismide alloys will be explored in the hope to further 
understand the growth method and production of the highest quality bismides. Hybrid PbS/C60 
fullerite photoconductors will also be explored as a potential way to create a device with a broad 
spectral response and high detectivity.  
Chapter 2 contains the basic semiconductor knowledge related to this thesis along with the 
various terminology and equations used to characterise photoconductor devices. Chapter 3 
presents the experimental results and findings of InGaAsBi/InP grown using both molecular beam 
epitaxy (MBE) and metalorganic vapour phase epitaxy (MOVPE). It includes temperature 
dependent photoluminescence (PL) and reflectivity and transmission measurements, to obtain 
details on the samples. The bismuth percentages for all the samples will be determined as well as 
the effects of localised states or defects. 
Chapter 4 follows on from Chapter 3 by using a different technique to determine the 
elemental contributions as well as the presence of defects, by carrying out Rutherford 
backscattering spectrometry (RBS) on the bismide samples. The results are compared to the PL 
from Chapter 3 to provide a greater insight into bismide growth and any complications that have 
occurred.  
Chapter 5 and Chapter 6 look into PbS/C60 fullerite photoconductors and characterise the 
devices so that they can be compared to other device materials. The size of PbS nanocrystal will be 
adjusted to observe the effect on the devices, with Chapter 6 enhancing the devices created, along 
with exploring other novel uses for PbS nanocrystals. 
Chapter 7 presents the conclusion of this thesis with suggestions for further work.  
Chapter 8 contains all the references used along with the appendix.  
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Chapter 2 – Theory Review 
2  
2.1 Introduction  
In this chapter different types of photodetectors will be discussed in Section 2.4. The 
equations used in characterising the photodetectors will be shown, along with a description how the 
two main types of photodetector operate. Quantum confinement in quantum dot nanocrystals will 
also be discussed, along with multiple exciton generation (MEG) and how this could be used in 
devices. Further to this III-V semiconductor alloys will be discussed with regards to their growth 
and optical processes in Section 2.2; along with an explanation of Rutherford backscattering 
spectrometry (RBS) which will be used to analyse the samples compositions in Section 2.3.  
The literature review in Section 2.5 discusses different types of photodetector materials. 
This will include silicon photodetectors that have been around for a long time and the relatively 
new quantum dot photodetectors. Lead sulphide (PbS) quantum dots will be discussed along with 
buckminsterfullerene (C60) fullerite rods, which will be used with PbS in the devices. Further to this 
the various III-V semiconductor alloys containing bismuth will be discussed with regards to their 
utilisation in devices. 
 
2.2 III-V Semiconductor Alloys 
The basic semiconductor knowledge required to understand the band structure of III-V 
alloys specifically containing bismuth involves semiconductor alloying along with band anti-
crossing (BAC) effects. Bismide alloys are hoped to overcome the loss mechanisms in IR devices, 
due to the band engineering that can be carried out. Emphasis will be given to temperature 
dependent effects to aid understanding the temperature dependent photoluminescence (PL) results 
in Chapter 3. 
 
2.2.1 Bandgaps  
With a large number of atoms close together, the energy levels interact, overlap and split to 
form indistinguishable ranges of allowed energy states, referred to as energy bands [17]. At 0K, to 
obey the Pauli exclusion principle, the lower energy bands are full of electrons and the highest 
filled states are at the Fermi level. The valence band (VB) is below the Fermi level with the 
conduction band (CB) above and empty at 0K. For defect free intrinsic semiconductors there are no 
electronic states between the VB and CB, with their separation termed the band gap energy. This 
separation between the energy bands is crucial to semiconductors, as control of this will change the 
emission or absorption wavelengths [17].  
Chapter 2 – Theory Review 
5 
 
Using the free electron model and parabolic dispersion, the possible electron energies can 
be calculated from Equation 2-1 and Figure 2-1 shows the E-k diagram for a bulk direct band gap 
material with parabolic bands for both CB and VB. The smaller the effective mass, the larger the 
curvature. With the effective mass of electrons in the CB typically lower than the effective mass of 
holes in the VB in III-V semiconductors [18]. 
 
 𝐸(𝑘) =
ħ2𝑘2
2𝑚∗
 Equation 2-1 
Where E(k) is the energy dependent on k, k is the crystal momentum and m* is the 
effective mass of the electron. 
 
 
Figure 2-1: E-k diagram for a bulk semiconductor. HH refers to heavy hole, LH refers to light hole and SO refers to 
spin-orbit. Note that a general bulk crystal has dispersion in three dimensions. 
 
Semiconductor alloys have two or more semiconductors and combine them into a new 
alloy with highly tunable properties. A common ternary alloy is InxGa1-xAs, with x showing the 
fraction of gallium replaced with indium, with the energy gap change shown in Figure 2-2 [19]. 
The slight bowing in the energy gap is due to various factors such as differences in iconicity, 
atomic radius and the local strain, the net effect of which is quantified by a bowing parameter.  
 
 
Figure 2-2: Energy gap change with In %. 
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2.2.2 Auger Recombination and Spin Orbit Splitting 
With narrower energy gap materials, especially IR devices, Auger recombination becomes a 
problem due to it being easier to conserve energy and momentum in the transition [20]. Figure 2-3 
shows the three main Auger recombination processes, where the energy released during 
recombination is transferred to a third carrier [21]. The process involving a (C)onduction band 
electron recombining with a (H)eavy-hole resulting in a (S)pin-orbit electron being excited into a 
(H)eavy hole (CHSH) dominates near-IR devices. The resultant energy gained by the excited 
electron is subsequently dissipated as heat in the device, raising the temperature [22]. 
 
 
Figure 2-3: Electron and hole transitions in Auger processes. (a) shows conduction-heavy hole-conduction-conduction 
(CHCC), (b) shows conduction-hole-light hole-heavy hole (CHLH) and (c) shows conduction-hole-spin orbit-heavy hole 
(CHSH). 
 
Inter valence band absorption (IVBA) in addition to Auger recombination, further degrades 
device performance. IVBA involves a photon being re-absorbed by an electron in the SO band 
which then excites to an empty site near the top of the VB, as with the CHSH process, IVBA is 
sensitive to the magnitude of the spin orbit splitting energy (∆𝑆𝑂) relative to the band gap (Eg) [21]. 
The IVBA process increases the threshold carrier density with temperature [23], which in turn 
increases Auger recombination and causes a reduction in quantum efficiency.  
Therefore, it would be highly beneficial to eliminate or reduce the loss mechanisms, which 
cannot be achieved with conventional III-V alloys, due to the energy gap always exceeding the spin 
orbit splitting energy for near-IR emission [21]. The introduction of bismuth provides a way to 
engineer the VB structure to produce IR devices with reduced losses [24]. 
The effect of the band gap energy bowing with the inclusion of bismuth can be modelled 
using the BAC theory for the VB with bismides unlike nitrides which have BAC in the CB [25]. 
The valence band anti-crossing (VBAC) splits the VB into six valence sub bands grouped as the E+ 
(HH+, LH+, SO+) and E- (HH
-, LH-, SO-) [24]. The inclusion of bismuth creating bismides has 
useful properties [24] with regards to the SO band, which moves down in energy along with VB 
movement upwards, due to the heavy bismuth atom increasing the ∆𝑆𝑂, as shown in Figure 2-4 [26] 
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[2]. Alloying indium has a significantly smaller effect on the SO band, as shown by the dotted red 
line, when compared to bismuth with the heavier atomic mass. GaAs has an experimental value of 
the spin-orbit splitting of the p-like VB state (∆𝑝) of 0.34eV, with indium ∆𝑝 equal to 0.458eV and 
bismuth having a significantly higher ∆𝑝 of 3.131eV [27].  
Figure 2-5 shows the theoretical ∆𝑆𝑂 for gallium and indium containing binaries, which 
shows that the change of group III element has little effect on the ∆𝑆𝑂 compared to the change of 
group V element [28]. Further to this the greater the atomic weight of the group V element the 
higher the ∆𝑆𝑂 [29]. From Figure 2-4 the energy cross-over, ∆SO = Eg, for GaAsBi occurs at 
bismuth percentages above 10%, whereas InGaAsBi requires significantly less bismuth to achieve 
this condition, with only ~3% bismuth required.  
 
 
Figure 2-4: The room temperature bandgap energy (Eg) and spin-orbit splitting energy (ΔSO) for unstrained 
GaAsBi/GaAs (solid line) and InGaAsBi/InP (dashed line) . The solid and dashed curves represent VBAC theoretical 
calculations for GaAsBi and InGaAsBi, respectively. The data points show the experimental results (full symbols – 
GaAsBi/GaAs, open symbols – InGaAsBi/InP) of different authors discussed in detail elsewhere [2] [30] [4] [5] [24]. 
 
  
Figure 2-5: Binary trend of the spin orbit splitting energy for zinc-blende group III-V semiconductors including either Ga 
or In [31] including the atomic number and atomic weight of group III and V elements [28]. 
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2.2.3 Optical Processes 
In semiconductor materials there are three essential optical transitions, which are 
absorption, spontaneous emission and stimulated emission and are shown in Figure 2-6 [17]. The 
absorption process involves an electron in the valence band gaining energy from an incident 
photon, with energy greater than or equal to the band gap, and being excited into an empty state in 
the conduction band. This is the main process in photodetectors and solar cells [17]. With 
spontaneous emission there is a finite probability that an electron transitions from the conduction 
band to an empty state in the valance band, emitting a photon with no phase or direction 
relationship to other spontaneously emitted photons. The probability of emission is proportional to 
the conduction band electron density and valence band empty state density, with spontaneous 
emission being the main process in light emitting diodes (LED) [17]. Stimulated emission, which is 
the process in lasers, involves an incoming photon triggering an electron to recombine from the 
conduction band into an empty state in the valence band, emitting a photon with the same energy, 
phase and direction as the incoming photon [17]. 
 
 
Figure 2-6: Semiconductor optical transitions, (a) absorption, (b) spontaneous emission and (c) stimulated emission.  
 
2.2.4 Defect States 
There are many defect states that can exist in GaAs based alloys, including vacancies 
where there is no atom in a lattice site, antisites where either a group III or V atom is located on the 
opposite site. Details of the point and pair defects present in GaAsBi are shown in Table 1 [32]. 
VGa and VAs relate to gallium and arsenic vacancies respectively, AsGa, GaAs and BiGa representing 
arsenic, gallium and bismuth antisites respectively. BiAs indicates bismuth in an arsenic site, where 
it should be, and defects related to it are pair defects where there is an antisite or vacancy directly 
adjacent the bismuth atom.  
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Table 1: Point and pair defects in GaAsBi with the total charge state of the initial and resulting defects, Qf [32]. 
Point Defect  Pair Defect 
Reaction  Qf  Reaction Qf 
VAs ↔ VGa+GaAs 2-, 3-  VAs+BiAs ↔ VGa+GaAs+BiAs 2-, 3- 
   VAs+BiGa ↔ VGa+BiAs 3- to 0 
   VAs+AsGa ↔ VGa 3- to0 
VGa ↔ VAs+AsGa 1+ to 3+  VGa+BiGa ↔ VAs+AsGa+BiGa 1+ to 3+ 
   VGa+AsGa ↔ VAs+AsGa+AsGa 1+ to 3+ 
   VGa+BiAs ↔ VAs+BiGa 1+ to 3+ 
   VGa+GaAs ↔ VAs 1- to 3+ 
 
Table 2 shows the majority electron and hole traps and the energy associated with these 
traps [32]. It is not known whether these trap states will be optically visible, but if there is PL 
energy peaks near these energies it is likely that they are the source of the peak. 
 
Table 2: Energy levels of majority-electron traps and majority-hole traps, from previous experiments [32]. 
 Energy (eV) Defect Origin 
Majority-electron trap 0.36 (VGa+BiAs)2-/3- 
0.69 VGa2-/3- 
0.78 (VGa+BiAs)-/2- 
Majority-hole trap 0.8, 0.84, 0.84, 0.89 BiGa+/0, AsGa+/0, (AsGa+BiAs)+/0, 
(BiGa+BiAs)+/0 
0.46, 0.52, 0.52 AsGa2+/+, (AsGa+BiAs)2+/+, 
(BiGa+BiAs)2+/+ 
0.33 BiGa2+/+ 
 
2.3 Rutherford Backscattering Spectrometry 
2.3.1 Theory 
Rutherford Backscattering Spectrometry (RBS) was the first analysis technique to utilize 
ion beams, with the first published research in 1967 to provide the elemental composition of the 
lunar surface [33]. Lord Ernest Rutherford first published the theory for RBS in 1911, which 
proposed an atomic model explaining previous observations for large and small angle scattered 
alpha and beta particles, describing the effect by an intense electric field with a concentrated 
positive charge origin, now known as the nucleus [34]. 
RBS involves directing a collimated ion beam at a material and analysing the backscattered ions 
[35]. Upon entering a sample an ion undergoes inelastic collisions with electrons until it collides 
with the nuclei of an atom, an elastic collision, followed by further inelastic collisions when exiting 
the sample; as shown in Figure 2-7(a). The energy and amount of collected ions offers information 
with regards to the element in the material that caused the backscattering event, from elastic 
collisions, and the depth in the material for that element, from inelastic collisions. The energy the 
backscattered ion hits the detector with depends on the atomic weight of the element, to identify the 
element and the energy loss from inelastic collisions from electrons in the material and how far the 
ion travelled in the material before the backscattering event as shown in Figure 2-7(b) [36] [35]. 
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The heavier the atom the higher the backscattered ion energy, the deeper the atom the lower the 
backscattered ion energy and the more of the specific atoms in the sample, the higher the yield of 
detected backscattered ions. Amorphous materials have the energy loss independent of ion entry 
direction, whereas crystalline materials have the energy loss dependent on the direction due to 
crystal channels. 
 
 
Figure 2-7: RBS process diagrams. (a) shows the path of an individual ion undergoing a backscattering event and being 
detected. With 1 and 3 showing inelastic collisions, 2 showing an elastic collision and 4 showing the ion hitting the 
detector. (b) shows how the depth of backscattering events effect the RBS spectra. 
 
2.3.2 Crystal Structure of Semiconductors 
A well-structured periodic placement of atoms is referred to as a crystal, with the smallest 
arrangement of the atoms that can be repeated called a primitive cell with lattice constant, a [17]. 
Figure 2-8 shows the primitive cell for zinc blende lattice structures, common with III-V alloys like 
GaAs and InGaAsBi, considered as two interpenetrating face centered cubic (fcc) lattices. Also the 
rock salt lattice, for example PbS, which again has two interpenetrating fcc lattices, but each atom 
has six neighboring atoms [17].  
 
           
Figure 2-8: Primitive cell for (a) zinc blende lattice and (b) rock salt lattice. 
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2.3.3 Miller Indices 
With regards to the channeling study in Chapter 4, being able to distinguish between 
different crystal directions and planes is incredibly important. Miller indices are used to define the 
various crystal planes, determined by locating the intercepts of the plane with three basic axes 
regarding the primitive cell [17]. After this reciprocals of these numbers are taken and reduced to 
the smallest integers of the same ratio, resulting in the single plane in (hkl) or {hkl} for a family of 
planes, with [hkl] for a direction and <hkl> for a family of directions, as shown in Figure 2-9 for a 
single plane and direction [17].  
 
 
Figure 2-9: Crystallographic direction examples for planes and directions in a primitive cell.  
 
Real semiconductor crystals are not perfectly crystalline and contain defects in the 
structure. Point or zero dimensional defects include vacancy defects, where an atom is missing; 
interstitial defects, where an atom is located in a non-lattice site; Frenkel defects, relating to an 
interstitial and vacancy pair and extrinsic defects, involving foreign atoms [37]. With GaAs based 
alloys there are also anti-site defects, where an atom is situated in a different lattice site, for 
example in GaAs an arsenic atom situated where a gallium atom should be located [38].  
 
2.3.4 Ion Channeling 
The semiconductors crystal structure can be observed with RBS by guiding the ion beam 
though a crystal channel, as shown in Figure 2-10. As the ion beam approaches a channel in the 
crystal the density of atoms that can be seen in the direction of the ion beam decreases, with atoms 
on the surface shadowing atoms deeper in the crystal from the ions. Small angle collisions mean 
that the ion being channeled will reach further through the samples before backscattering, with this 
measured as a reduction in the backscattered ion yield [39].  
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Figure 2-10: What can be seen by the ion beam when it is not aligned with a channel, shown on the left and when it is 
aligned, shown on the right for the [101] channel. 
 
2.4 Principles of Photodetectors 
2.4.1 Photodetectors  
Photodetectors are devices that can, through electronic processes, detect optical signals. 
They operate by firstly stimulating carrier generation by absorption of an incident photon, followed 
by carrier transport and finally the extraction of carriers to make an output signal current. This is 
the quantum photoelectric effect, where a photon excites an electron-hole pair to produce a 
photocurrent [17]. 
To be adequate for these applications the detectors need to, at the operating wavelengths, 
have high sensitivity, high response speed and as low a noise as possible. Also they are required to 
be small and compact, especially for coupling to fibres, operate under low-voltage biasing and be 
as cheap as possible [17]. 
 
2.4.2 Equations 
There is a wide selection of different photodetectors available, each one targeting a 
different type of application, therefore significant variations in performance are found. The 
wavelengths the photodetectors operate over and the energy of a photon of a specific wavelength 
can be calculated as defined in Equation 2-2 [17].  
 
𝐸 =
ℎ𝑐
𝜆
 Equation 2-2 
Where λ is the wavelength, c is the speed of light and h is Planks constant. 
The responsivity (ℛ) of a photodetector is the ratio of the photocurrent generated to the 
incident optical power impinging the device, as described by Equation 2-3, and is measured in 
Ampere/Watt [8] [40]. This is usually wavelength dependent and in most cases follows the 
absorption of the materials used in the device.  
No channelling
Sample is amorphous for ion beam
[101] channelling
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ℛ =
𝐼𝑝ℎ
𝑃𝑙𝑖𝑔ℎ𝑡
 Equation 2-3 
Where 𝐼𝑝ℎ is the photocurrent and 𝑃𝑙𝑖𝑔ℎ𝑡 is the incident optical power. 
Another figure of merit is the external quantum efficiency (EQE). The internal quantum 
efficiency (IQE) is the ratio of the number of electrons generated to the number of photons 
absorbed. EQE is the ratio of number of electrons collected to the number of photons absorbed 
[17]. EQE is used for comparing photodetectors instead of IQE due to being easier to calculate, 
which is shown in Equation 2-4 and is represented by a percentage [40]. 
 
𝐸𝑄𝐸 =
ℛℎ𝑐
𝑒𝜆
 Equation 2-4 
Where h is planks constant, c is the speed of light and e is the charge on an electron 
Noise can greatly limit a system’s performance. Some of the main sources of noise are 
thermal noise, due to the interaction between ions in the photodetector material and mobile 
electrons, and shot noise, from the thermal generation of charge carriers [41]. Shot noise is the 
overall contributor to the dark current noise, photocurrent noise and the background noise [41]. For 
the devices studied only the contribution of the dark current noise will be considered, as it has the 
largest value and therefore the greatest contribution to the system. The dark current noise is 
calculated by using Equation 2-5 and is due to the leakage current flowing through the 
photodetector when in the dark [41]. 
 
𝑖𝑑=√2𝑒𝐵𝐼𝑑  Equation 2-5 
Where e is the charge on an electron, B is the bandwidth in Hz and Id is the dark current in 
A. 
The normalised detectivity (D*) is generally used to describe photodetector sensitivity and 
is measured in Jones or cmHz1/2W-1 [42]. It takes into account devices with different geometry and 
area, therefore making it one of the most important figures of merit. The equation for this is shown 
in Equation 2-6 [40]. 
 
𝐷∗ =
√𝐴𝑑
√𝑖𝑠
2
ℛ
 
Equation 2-6 
Where Ad is the detectors area, is is the shot noise and R is the responsivity. 
There are two central classes of photodetector, namely photodiodes and photoconductors 
[8]. These types will be discussed below, with a focus on photoconductors.  
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2.4.3 Photoconductors 
In photoconductors, when incident light is absorbed by the photoconductor, charge carriers 
are created causing an increase in conductivity. Photoconductors generally consist of a 
semiconducting material and two metal contacts to form the device [8]. When photons are 
absorbed, electron-hole pairs are created and the movement of these free carriers causes a current to 
flow, when an external electric field is applied [43]. A photoconductor is characterised by three 
main parameters, which are the quantum efficiency, response time and detectivity [17].  
There are two ways the carriers are created, either by an intrinsic or extrinsic process, as 
shown in Figure 2-11. The intrinsic process involves band to band transitions, whereas the extrinsic 
process is due to the presence of defect states or impurity levels within the band gap of the 
semiconductor [17]. Both of these processes increase the conductivity but for intrinsic 
photoconductors the sensitivity is higher due to the increased number of electrons that can be 
excited in the valence band, compared to the number of electrons in the impurity level for extrinsic 
photoconductors. Also the wavelengths which may contribute to the excitation of electrons will 
vary depending on an intrinsic or extrinsic process. For intrinsic photoconductors the long 
wavelength cut off is dictated by the energy bandgap between the valence and conduction band, 
using Equation 2-2. Wavelengths of light shorter than the long wavelength cut off are absorbed by 
the photoconductor and electron hole pairs are created. This differs for extrinsic photoconductors as 
electrons can be excited between an energy level in the bandgap and either the conduction or 
valence band. The energy between these levels determines the long wavelength cut off instead [17]. 
 
 
Figure 2-11: Intrinsic and extrinsic photoconductor process 
 
When a photon of light has energy less than the bandgap it is not absorbed and interacts 
very weakly with the device. For a photon with energy higher than the bandgap the energy is given 
to the electron causing it to move into the conduction band, leaving a hole in the valence band. The 
electron then relaxes to the conduction band edge and releases excess energy which is wasted as 
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heat. If the energy of the photon and the bandgap are the same, the photon energy is absorbed with 
no loss [17]. 
The majority carrier current (from electrons) is highly dependent on the existence of the 
minority carriers (from holes). These minority carriers bunch up at one of the contacts, depending 
on the biasing of the external voltage source, causing additional majority carriers to be injected 
until recombination of minority carriers occurs. A large photoconductive gain occurs from this 
process, which is dependent on the ratio of minority carrier lifetime to the majority carrier transit 
time [44]. Photoconductors are able to have high gains due to one type of charge carrier being able 
to flow many times through the circuit before recombining with the other type of charge carrier, 
which is stuck in the bulk of the photoconductor. High gains increase responsivity but reduce the 
bandwidth of the photoconductor resulting in a slower response time [9]. Unlike photoconductors, 
photodiodes in general will have higher speed and signal to noise ratio, but will operate differently 
under forward and reverse external bias, whereas photoconductors react the same whatever the 
polarity of an external bias [17]. Photodiodes also have limited quantum efficiency but benefit from 
a faster response time than photoconductors [8], typically microseconds [9] or as low as 1 ns if the 
detector is small enough [45]; however photodiodes require more expensive and complicated 
fabrication techniques for example molecular beam epitaxy (MBE) that also require more time. 
 
2.4.4 Quantum Confinement  
Quantum dots are being increasingly used for photodetectors. Quantum dots are systems 
displaying quantum confinement in three dimensions [46]. The Brus equation shows the 
relationship for the bandgap energy for a quantum dot and the radius of the quantum dot, as defined 
in Equation 2-7 [47]. An exciton is confined to the volume of the spherical quantum dot [48].  
 
 
𝐸𝑔(𝑄𝐷) = 𝐸𝑏𝑢𝑙𝑘 +
ℎ2
8𝑅2
(
1
𝑚𝑒
∗ +
1
𝑚ℎ
∗ ) −
1.786𝑒2
4𝜋𝜀0𝜀𝑟𝑅2
 
Equation 2-7 
Where Eg(QD) is the transition energy (or optical energy) of the quantum dot, Ebulk is the 
bandgap energy of bulk semiconductor, h is Planks constant, R is the radius of quantum dot, me
∗  is 
the effective mass of the electron, mh
∗  is the effective mass of the hole, e is the charge on an 
electron, ε0 is the permittivity of free space and εr is the relative permittivity. 
Therefore with quantum dots, the transition energy increases as the size of the dots is 
reduced. The transition energy is changed as the confinement affects both the conduction band and 
the valence band, therefore if the size of the dot is reduced, the two confined states move away 
from each other causing the increase in the transition energy. With photodetectors using quantum 
dots, this effect can be used to tune the device response to desired wavelengths as the transition 
energy is changed depending on the size of dots used. 
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2.4.5 Multiple Exciton Generation 
In bulk semiconductors the creation of more than one electron hole pair per absorbed 
photon has been observed in Si, Ge, PbS, PbSe and PbTe in the photocurrent of bulk p-n junctions 
[49]. In bulk materials this is often termed as impact ionisation and the process for quantum dots 
was first publicised in 2002 [50]. The process is inefficient as the reverse Auger recombination 
process occurs faster due to low quantum yield and the threshold photon energy required is several 
multiples higher than twice the bandgap [49]. For Si, which is predominantly used in photovoltaics, 
impact ionization does not occur until photon energies above 3.5eV, with 5eV only producing a 
quantum yield of 1.3. This means that impact ionization is not an ideal approach to increasing 
efficiency in such photovoltaic cells [49]. 
In semiconductor quantum dots, the electron hole pairs correlate due to the quantum 
confinement effects and therefore exist as excitons. The impact ionization process is therefore 
known as multiple exciton generation (MEG) [49]. Figure 2-12 illustrates the process, where the 
photon energy needs to be above three times the optical gap of the nanocrystal [17-18]. Six 
semiconductor quantum dot materials, PbSe [51], PbS [52], PbTe [53], CdSe [54], InAs and Si, 
have shown very efficient multiple electron hole pair creation via one photon [49]. The quantum 
yield for these devices is around 2 to 3. When the photon energy is increased even higher than three 
times the bandgap the number of electron hole pairs created by the single photon will increase, with 
seven being the highest reported [55]. The main problem with MEG is that Auger recombination is 
usually a faster process than the extraction of the additional electrons created [55]. A possible 
solution to extract the excitons before recombination would be by using hybrid systems, like PbS 
and C60 detectors so that the other material can act as an acceptor for the exciton. 
 
 
Figure 2-12: Multiple exciton generation mechanism, producing two electron hole pairs per photon, based off the first 
diagram explaining the process by A.J. Nozik [50] . 
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2.5 Literature Review 
2.5.1 III-V Materials – Bismides 
The inclusion of bismuth has attracted a lot of attention, especially with bismuth having 
toxicity less than table salt [56], unlike similar heavy elements like lead, antimony, arsenic and 
mercury [57], making it ideal as a replacement and has already been looked into with regards to 
replacing toxic lead products in industry [58]. Bismuth had been neglected with regards to the III-V 
semiconductor alloys, which are vital in modern day electronic and optoelectronic devices. This 
was mainly due to synthesising difficulties, with high quality III-Bi crystals and bismuth containing 
III-V alloys, being fraught with complications due to the significantly larger atom size and strain 
driven diffusion [59] [60].  
The main III-V alloys containing bismuth are the ternary alloys GaAsBi, GaSbBi, InSbBi 
and InAsBi. The quaternary alloys are InGaAsBi, specifically 53% indium and GaNAsBi.  
The current materials used in telecommunications lasers, at 1.3 – 1.55 µm, are InGaAsP 
and AlInGaAs, but these suffer heat losses from their electronic band properties, specifically the 
band gap, Eg, being greater than the spin-orbit splitting energy, ∆𝑆𝑂 [61]. Incorporation of bismuth 
in III-V alloys has enabled ∆𝑆𝑂> 𝐸𝑔 which has been shown to help eliminate the non-radiative 
CHSH Auger losses by pushing the SO band lower [62]. GaAsBi displays a band gap reduction of 
up to 90 meV/% Bi [63]. This value is greater than for indium with 16 meV/%In and for antimony 
with 21 meV/%Sb, along with being closer to the nitrogen value of 150 meV/%N [59] [64]. 
Optoelectronic devices requiring longer wavelengths, at 2 – 5 um, which are important for 
military, medical imaging and spectroscopy, using the antimony based III-V alloy InGaAsSb/GaSb 
and GaInAsSbP/InAs. These devices have some problems, with the performance degrading at the 
longer wavelengths due to decreasing VB offset between the quantum well active regions and 
barriers while also increasing the CHCC Auger process (4) (5). Additionally GaSb and InAs 
substrates are more expensive than Si, GaAs or InP substrates with a more complex process for 
manufacturing. With a 2” diameter, 0.5mm thick GaSb and InAs wafer costing $548 and $599 
respectively, compared to the same size wafer of Si, GaAs and InP costing $39.95, $219 and $395 
respectively, prices quoted from MTI corporation [65].  
Bismide based alloys are recently showing potential at these long wavelengths, with 
InGaAsBi/InP and InAsBi/InAs. This is due to the same reasons as GaAsBi, but with the inclusion 
of indium to cover the mid-IR. InGaAsBi also has the advantage of being able to be grown on the 
cheaper InP substrate, along with having more tunablity. This is due to InGaAs with 53% indium 
having a lattice match with InP, therefore having more indium means the InGaAs is under 
compressive strain on InP and less indium means the InGaAs is under tensile strain on InP. 
Incorporating bismuth causes the In0.53Ga0.47As to become compressively strained and has been 
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shown that adjusting the indium and bismuth content can achieve zero or the desirable amount of 
strain [5]. The band gap reduction for InAsBi and InGaAsBi is 55 meV/%Bi and 56 meV/%Bi 
respectively, which is slightly lower than GaAsBi but still significantly greater than the addition of 
indium and antimony. As well as this the condition to reduce or even eliminate Auger 
recombination and IVBA, ∆𝑆𝑂> 𝐸𝑔, occurs at bismuth concentrations of around 3 to 4% for 
InGaAsBi [4] [5], compared to about 10% for GaAsBi [2] [3] [66].  
GaAsBi/GaAs has been shown to be suitable for near-IR applications, particularly 1.55 µm 
telecom devices, with InGaAs/InP having potential to span a wide spectral range from near-IR to 
over 6 µm, all while still maintaining tolerable strain levels. For detector applications 3.2% bismuth 
incorporation has a cutoff wavelength of around 2.1 µm at room temperature [67]. 
In the past decade, there has been a focus on developing GaAsBi based structures on GaAs 
substrates. Electrically pumped quantum well lasers with 6% bismuth and maximum room 
temperature lasing wavelengths of 1142 nm have been demonstrated 10-12 [68] [24] [69]. These 
devices also have threshold current densities that are higher than materials containing no bismuth, 
due to defect related recombination [24] [70]. The devices are limited by nonradiative 
recombination from defects and inhomogeneity effects, due to low temperature growth and bismuth 
incorporation difficulties [71].   
There are several challenges with bismuth containing photonic devices, which mainly relate to 
growth issues and difficulty in incorporating the larger bismuth atoms into the III-V crystal lattice 
[59]. Understanding and optimising the growth methods in order to produce high optical quality 
semiconductors remains the main task for practical development of III-V bismide alloys for device 
applications. 
 
2.5.1.1 Growth of III-V Alloys 
All of the bismide based III-V alloys can be grown using both molecular beam epitaxy 
(MBE) or metalorganic vapour phase epitaxy (MOVPE). Growth temperatures between 400-500°C 
causes the bismuth to stay on the surface and not incorporate, with above 500°C causing the 
bismuth to evaporate [72] [73]. 
MBE growth typically is carried out below 400°C and as low as 250°C for higher bismuth 
content [74]. Whereas MOVPE cannot have a growth temperature below 400°C due to carbon 
incorporation from precursors decomposition [74]. MBE growth has achieved the highest bismuth 
content of 22% at a growth temperature of 200°C [75]. MOVPE on the other hand has significantly 
lower bismuth content than MBE due to the higher growth temperature, but MBE has slow growth 
rates that would complicate fabrication of devices.  
 
Chapter 2 – Theory Review 
19 
 
2.5.2 Materials Used in Photodetectors 
Table 3 shows the performance of recently reported photodetectors. These new detectors 
are not fully developed and still have problems and improvements that need to be addressed, 
mainly relating to fabrication of large area devices, temporal response and spectral sensitivity.  
 
Table 3: Reported photodetector performance. 
Material Photodetector Type Spectral Range / nm Detectivity / Jones 
CdSe nanocrystals [76] Photoconductor 450-630 1 × 1013 
C60 nanorods [42] Photoconductor 350-710 1 × 107 
P3HT/Carbon Nano Tubes [77] Photoconductor 400-1400 2.3 × 108 
PbS nanocrystals (butylamine) [78] Photoconductor 800-1600 1.8 × 1013 
PbS nanocrystal (benzenedithiol ligand) [79] Photodiode 400-1800 1 × 1012 
PbS/P3HT/PCBM [14] Photodiode Vis-1920 1.93 × 108 
PbS (oleic acid ligands)/C60 Fullerites [40] Photoconductor 400-1350 1 × 1010 
PbS (ethanedithiol) /Graphene [80] Photoconductor 600-1600 7 × 1013 
HgTe nanocrystals [81] Photoconductor 1000-5000 2 × 109 
ZnO nanocrystals [82] Photoconductor 300-600 3.3 × 1017 
 
Table 4 shows the performance of commercially available photodetectors. It shows the 
limits with the current technology and areas where progress can be made. A wide selection of 
different photodetectors are available which operate across different spectral ranges. The ideal 
would be to cover these wavelength ranges with the least amount of detectors possible, either one 
or two. Broad absorption semiconducting materials are required for this, with lead sulphide (PbS) 
nanocrystals displaying potential to substitute all the detectors operating in the 200-1800 nm range 
and mercury telluride (HgTe) nanocrystals till 5000 nm. Both of the nanocrystals are solution 
based, enabling simple fabrication processes, for example drop casting or spin coating. The short 
wavelength cut-off due to the small penetration depth of higher energy photons can be limited by 
using another material that has a lower wavelength spectral range, for example C60 to enhance the 
lower wavelength response. Another limiting factor of commercially available detectors is the high 
dark current that can be present, above 100 nA, restricting the detectivity of such devices, along 
with the need to have cooling with some bulk semiconductor devices for them to operate 
efficiently. Further to this the cost of broad spectral range devices, such as the dual Si/InGaAs 
devices, significantly rise in price to extend the spectral range. This is due to the InGaAs growth 
technique, such as MBE, being more expensive and complicated. 
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Table 4: Commercially available photodetector performance from Thorlabs [83], InSb from Hamamatsu [84]. 
Material 
Photodetector 
Type 
Spectral Range 
/ nm 
Detectivity 
/ Jones 
Dark current 
(supply voltage) 
Price 
Si Photodiode 320-1100 1.6 × 1014  2 pA (10 mV) £10.62 
GaP Photodiode 150-550 1.7 × 1013  40 pA (5 V) £71.31 
InGaAs Photodiode 800-1700 2.2 × 1012  6 nA (5 V) £107.95 
Dual 
Si/InGaAs 
Photodiode 400-1800 6.3 × 1011 1 nA (1 V) £440.47 
Ge Photodiode 800-1800 1 × 1011  4 µA (1 V) £100.86 
PbS Photoconductor 1000-2900 1 × 1011  60 µA (15 V) £143.41 
PbSe Photoconductor 1500-4800 2.5 × 109 150 µA (15 V) £169.41 
InSb TE 
cooled 
Photoconductor 1000-6700 1 × 109 40 mA (10 V) - 
 
2.5.2.1 Bulk Materials 
2.5.2.1.1 Silicon 
For applications in imaging involving visible and near-IR wavelengths, crystalline silicon 
and Complementary Metal Oxide Semiconductor (CMOS) detectors are widely used. The 
photodetectors that are made from silicon are easier to incorporate into silicon electronics, which 
means numerous components can be integrated onto a single chip. There are limitations however, 
as crystalline silicon can only absorb from 300 to 1090 nm, therefore not absorbing most of the IR 
spectrum [9]. 
Silicon operates by both indirect and direct absorption. The bandgaps for silicon are 
1.14 eV for indirect and 4.10 eV for direct. With indirect absorption a phonon is needed to be able 
to conserve momentum and energy, making this type of absorption less efficient than direct 
absorption. Silicon has only weak absorption from 900 nm and above in comparison with its direct 
absorption below 900 nm, due to the indirect absorption as no direct absorption occurs at those 
wavelengths [43]. Silicon photodiodes largely facilitate visible wavelength detection with high 
detectivity; however amorphous silicon photodetectors suffer from long time constants in the order 
of seconds [85] and instabilities under illumination [8]. These factors can cause crosstalk in data 
communications and blurring of optical signals, which is not ideal [9].  
 
2.5.2.2 Compound materials 
2.5.2.2.1 InGaAs 
The most popular material used for photodetectors is InGaAs, which are more commonly 
used as quantum wells having a 2D structure that provides confinement in 1D, but are available as 
quantum dots as well. InGaAs photodiodes lead the way with regards to short wave infrared 
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detection [8]. The sensitivity of these devices is very high with low noise. The problems are the 
methods used to grow the quantum wells, MBE, MOVPE, liquid-phase epitaxy (LPE) and vapour-
phase epitaxy (VPE) are expensive and require advanced equipment, along with the devices not 
able to detect wavelengths lower than 900 nm [8]. In0.53Ga0.47As has a direct bandgap of 0.75 eV 
and only operates by direct absorption, which is the reason for the high performance as no phonons 
are needed [43].  
 
2.5.2.2.2 Quantum dots 
Colloidal quantum dots have attracted attention for many optoelectronic applications, 
including LEDs, lasers, solar cells and photodetectors. This type of quantum dot is synthesised in 
solution and have ligands covering the surface to enable it to dissolve and prevent oxidation. The 
advantages of colloidal quantum dots are the ability to integrate them with almost any kind of 
substrate, including on top of other integrated circuits [8]. These photodetectors are low cost and 
large area [86]. The bandgap can be easily modified by the selection of the nanocrystal material 
and the diameter, therefore making it easy to have a photodetector that can absorb the visible and 
near-IR regions [87]. The mobility can be changed through the length of the ligands and the 
nanocrystals size and shape [8]. The ligand chains also prevent the nanocrystals from aggregating 
aiding device fabrication. 
Colloidal quantum dots can be easily deposited onto substrates using a variety of 
techniques, for example spin-coating, spray-casting or inkjet printing [8]. This enables the colloidal 
quantum dots to be deposited on any substrate and also means that lattice mismatching will not 
occur and the process can easily be done across a large area. A way of increasing the response time 
is by reducing the length of the ligands, which enables the quantum dots to be closer to each other 
assisting electron transfer [8] [88]. In the devices studied shorter ligand length enables the quantum 
dots to be closer to the acceptor material. 
 
2.5.2.2.3 PbS Quantum Dot Photodetectors 
Bulk PbS has a rock salt crystal structure with four-fold degenerate direct bandgap at four 
equivalent L-points from the Brillouin zone [89]. Bulk PbS has a small bandgap of 0.41 eV [90], 
meaning to make a visible only photoconductor with this, a high degree of quantum confinement is 
needed as this bandgap relates to wavelength of about 3000 nm [8]. This is due to the Coulomb 
binding between the electron and created hole having a moderately large distance of roughly 
18 nm, the Bohr radius, between them [15]. Reducing the crystal dimensions of PbS to a similar de 
Broglie wavelength for the charge carriers, roughly 9 nm, enables PbS nanocrystals with size 
dependent optoelectronic properties [91]. This reduction in size causes both the electron and hole 
wavefunctions to have strong confinement and discrete quantised energy states observable in both 
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optical absorption and emission spectra [15]. PbS quantum dots are being used to make solution-
processed photoconductors specifically for the near infrared [8]. Even though visible light is 
absorbed by the bulk material due to the wavelengths being above the bandgap, excess heat is 
generated when exciting far above the bandgap [17]. The device performance would be poor and 
all the visible light would be absorbed at the surface of the bulk, making it difficult to use these 
excited charge carriers. Reducing the diameter of the nanocrystals increases this bandgap, for 
example with a PbS nanocrystal diameter of 3 nm the bandgap is three times higher than bulk PbS 
[9]. The quantum dots have been made small enough so that they can absorb below 800 nm 
efficiently without significant heat generation. Shortening the ligands attached to the quantum dots 
does increase conductivity, but with small nanocrystals can cause the formation of nanostrings and 
clumping of the quantum dots [8]. Temperature can also have an effect on the bandgap of the PbS 
quantum dots and the higher the temperature the larger the bandgap, with a bandgap of 1.072 eV at 
300K for PbS quantum dots of diameter 4.8 nm ± 0.9 nm [90]. 
To make this less of an issue and enable absorption from 400 to 1500 nm, dual spectral 
photodetectors are being tested which consist of two stacked PbS quantum dot photodetectors with 
different nanocrystal sizes [8]. The smaller PbS quantum dots absorb in the visible region, while 
the larger PbS quantum dots absorb in the near-IR. The smaller quantum dot layer is on top and 
acts like a filter stopping visible parts of the spectrum hitting the layer designed for IR [8]. 
 
2.5.2.2.4 Hybrid PbS Quantum Dot and C60 photodetectors 
Another development in PbS quantum dot photodetectors is using buckminsterfullerene 
(C60) composites (fullerites) to form hybrid organic-inorganic devices. The C60 fullerites can help 
extend the absorption to lower than 700 nm [8]. C60 single crystals have a high electron mobility of 
11 cm2V-1s-1 [92] compared to the PbS nanocrystals with an electron mobility lower than 
0.01 cm2V-1s-1 [93]. This electron mobility is significantly lower than the bulk III-V alloys GaAs 
and InAs, around 8500 cm2V-1s-1 [94] and 40000 cm2V-1s-1 [95], but C60 has high mobility for its 
size and wavelength range, along with being compatible with PbS nanocrystals. This has been 
shown by the PbS quantum dots and C60 fullerites still having peaks in the visible spectrum that 
correspond to the features of C60 absorption [40]. The PbS quantum dots act like an intrinsic 
photoconductor and the C60 fullerites act like an extrinsic photoconductor. The current density of 
PbS and C60 rod photodetectors is higher and there is efficient electron transfer between the PbS 
quantum dots and the C60 fullerites [86]. This is due to there being roughly a 0.3 eV difference 
between the conduction band of PbS and lowest unoccupied molecular orbital (LUMO) level of C60 
[86], but the PbS and C60 still act like a photoconductor. These photoconductors have enabled 
absorption in the visible and near-IR regions [96], so are broadband photodetectors with IR 
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responsivity up to 1600 nm [97]. PbS quantum dot and C60 fullerite photoconductors have a 
detectivity of around 1×1010 Jones [40]. 
Other materials have been used along with PbS nanocrystals. Poly(3-hexylthiophene-2,5-
diyl) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) along with PbS are used in 
photodiodes and detect from visible to 1920 nm wavelengths with a detectivity of 1×109 Jones [98]. 
Graphene along with PbS are used to make photoconductors and phototransistors and detect from 
visible to 1600 nm wavelengths with a detectivity of 1×1013 Jones [99]. 
 
2.5.3 C60 Fullerites 
C60 fullerite rods are materials that are solid, hexagonal cross-sectioned rods with faceted 
tips. They consist of single crystals packed in a face centred cubic structure [100] [101]. The 
individual C60 atoms that constitute the C60 crystals are all held together by van der Waals 
interactions and have low energy absorption [100]. This is known due to their electronic properties, 
which resembles those of a single C60 crystal, forming a molecular crystal [101]. These fullerites 
absorb above 500 nm to around 700 nm [100]. C60 has a lowest unoccupied molecular orbital 
(LUMO) of 4.5 eV and a highest occupied molecular orbital (HOMO) of 6.2 eV [40].  
The C60 fullerites are made by making a solution of C60 in a solvent, for example toluene or 
xylene, and an alcohol, for example isopropyl alcohol (IPA), using liquid-liquid interfacial 
precipitation (LLIP) [40]. This is due to C60 being insoluble in alcohols with ethanol having the 
highest solubility of 0.001 mg/ml, which is highly inadequate [102]. Therefore a solvent is 
required, with the solubility of C60 in xylenes at 5.2 mg/ml and toluene at 2.8 mg/ml [102]. This 
process is fast and can be carried out in a few minutes, occurring at the boundary between the two 
liquids [100]. LLIP can also be carried out slowly making clearly defined layer of solvent and 
alcohol [103]. By changing the conditions of this process a variety of fullerite structures and quality 
can be formed. The volume and concentration of the solutions can affect the fullerite size and 
quality greatly [101]. 
Not only rods can be formed by the process and various other forms of C60 fullerite crystals 
can form for example hexagon shaped sheets. These have been formed using carbon tetrachloride 
(CCl4) and IPA and can have either smooth or dimpled faces depending on the ratios used [104] 
[105]. 
For devices, fullerite rods are used as an electron acceptor along with a donor material, for 
example PbS nanocrystals. Figure 2-13 shows the process for different light intensities [42]. Figure 
2-13.A shows that when an optical power that both donor and acceptor absorb is used, the donor 
starts filling the trap states in the acceptor, therefore increasing the mobility of electrons in the 
acceptor [42]. The traps are filled more by the donor to the point where the electrons transferred 
from the donor can contribute to the current also and further enhancement to the mobility of 
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electrons in the acceptor, as shown in Figure 2-13.B [42]. When an optical power with energy 
below the bandgap of the acceptor is used, the traps are filled by the donor and the donor will 
contribute to the current when the traps are all filled. 
 
 
Figure 2-13: C60 operation as a photoacceptor in hybrid detectors. A) photon energy absorbed by both donor and 
acceptor, B) traps in acceptor filled and C) photon energy only absorbed by donor. 
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Chapter 3 – Optical Study For III-V 
Semiconductors with Bismuth 
3  
3.1 Aim 
The aim of this chapter is to characterise a range of bismuth containing III-V 
semiconductors and their alloys, grown using various growth methods. The growth techniques that 
were studied for fabricating the bismuth containing alloys were molecular beam epitaxy (MBE) 
and metalorganic vapour phase epitaxy (MOVPE). Various optical techniques will be used to 
characterise the growths including temperature and power dependent photoluminescence (PL) and 
reflectance and transmission studies. These techniques were used to estimate the bandgap for the 
alloys of interest and based on this predict the bismuth contribution to the sample. Further to this, 
PL showed any defect or trap states from the growth of the materials, therefore aiding with finding 
the optimum growth conditions. Other techniques will be discussed in Chapter 4 involving 
Rutherford backscattering spectroscopy (RBS) to compliment the optical studies. 
 
3.2 Introduction 
Bismuth containing III-V alloys have greatly added to a range of applications in 
semiconductor lasers, photovoltaics, spintronics, photodiodes and thermoelectrics due to their 
interesting electronic band-structure which provides a route to overcoming many of the deficiencies 
in near and mid-infrared (IR) devices, such as semiconductor lasers [24]. Incorporating bismuth to 
create the InxGa1-xAs1-yBiy material which was grown on InP by matching the lattice constant using 
the indium percentage, with 53% indium fraction giving InGaAs a perfect lattice match, which is 
showing promise for near and mid-IR photonic devices. Even with bismuth content of up to 6% for 
InGaAsBi, the strain is lower than 1% enabling a good lattice match with InP even with high 
bismuth content [30]. The amount of strain can be tuned by adjusting the bismuth and indium 
content, with strain being especially beneficial with regards to quantum well lasers, with 1% strain 
sufficient to modify the band structure and enhance laser performance [106]. These devices operate 
between 1.5 and 4.1 µm [4]. With InGaAsBi it is possible to achieve the spin orbit splitting energy, 
∆𝑆𝑂> 𝐸𝑔, but with lower bismuth fractions than for GaAsBi/GaAs. This could improve the high 
temperature performance and the thermal stability of mid-IR photonic devices along with being 
able to manufacture them on InP using the standard telecommunications processes [24].  
The growth of these alloys is complicated and requires significant development. In this 
chapter, InGaAsBi samples on the standard InP substrates with varying bismuth concentration, 
grown using both molecular beam epitaxy (MBE) and metalorganic vapour phase epitaxy 
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(MOVPE), also known as organometallic vapour phase epitaxy (OMVPE) and metalorganic 
chemical vapour deposition (MOCVD), growth methods were studied, to help with the control and 
optimisation of the growth. The samples were characterised using various optical techniques, 
including temperature and power dependant photoluminescence (PL). High resolution X-ray 
Diffraction (XRD) on its own is unable to determine the composition of InGaAsBi, with both 
bismuth and indium having a similar effect on the crystal lattice constant. With the aid of more 
analysis techniques, like PL, it was anticipated to be able to fully characterise each sample 
depending on the growth differences and provide an optimum growth method for this material. 
The results are summarised in a table in Appendix C. 
 
3.3 Experimental Overview 
3.3.1 Samples 
Bismuth containing III-V semiconductors with varying compositions were selected for the 
optical studies for this chapter, with the full details given in Appendix A.  
The first set of samples were MBE grown InGaAsBi/InP, supplied and grown by the 
University of Sheffield. There were two InGaAs capped samples and two uncapped samples all 
with different bismuth percentages. The growth started on a 4” InP wafer with an InGaAs buffer 
layer with As2 beam equivalent pressure (BEP) of 8 × 10−6 mbar, indium and gallium flux of 
2.1 ×  10−7 mbar and 1.7 ×  10−7 mbar and As2:III ratio of 21:1. Next the surface was exposed to 
a bismuth flux for 30 s to soak the surface with bismuth, intended to aid bismuth incorporation, as 
previously demonstrated in GaAsBi [107] [108]. The InGaAsBi layer was grown with the same 
indium and gallium fluxes, but a reduced As2 BEP of 3 ×  10−6 mbar and As2:III ratio of 7.9:1. 
This allowed bismuth incorporation into the layer, while avoiding arsenic deficiency during 
growth. The bismuth BEP was varied from 5.5 ×  10−8 mbar and 1.2 ×  10−7 mbar, resulting in 
different bismuth compositions for each sample. For the capped samples an InGaAs layer was 
grown on top with the same conditions as the buffer. 
The sample details for the capped InGaAsBi samples are shown in Figure 3-1. M4807 was 
grown with an attempt to incorporate bismuth in the structure, but from high resolution XRD there 
was no obvious presence of bismuth due to the lattice constant being smaller than expected. The 
growth temperature for the buffer was 500°C, with the bismide layer grown at 310°C for M4810 
and at 370°C for M4807. The capped layer was then initially grown at the same temperature as the 
bismide layer for 20 nm and then 500°C for the final 80 nm. The bismide layer being grown at 
310°C was to try and aid incorporation of bismuth in the structure, but this could have led to the 
potential for arsenic flooding and anti-site bonding [109]. Using Equation 3-1 and α for the 
material at the illumination wavelength, the penetration depth was calculated.  
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𝛿𝑝 =
1
𝛼
 
Equation 3-1 
Where δp is the penetration depth and α is the absorption coefficient. 
For simplicity, for the penetration depth calculations InGaAs were used. For 532 nm, 
InGaAs had 𝛼 = 1.68 × 105 𝑐𝑚−1 [110], therefore δp=59.4 nm meaning the capped layer may 
cause the bismide layer to be of lower intensity, but with the lower temperature will penetrate 
more. With the 1064 nm laser, InGaAs had 𝛼 = 15500 𝑐𝑚−1 [110], therefore δp=645 nm which 
would penetrate all the grown layers and roughly 250 nm of the substrate. The differences in PL 
spectra for both laser sources were compared. 
 
 
Figure 3-1: MBE grown InGaAs capped InGaAsBi/InP samples composition with layer thicknesses and expected 
elemental percentages. 
 
The samples were initially characterised with high resolution XRD to give information on 
the crystal components in the sample, along with a prediction of the elemental contributions and 
bismuth presence. Figure 3-2 shows the high resolution XRD patterns for the capped InGaAsBi/InP 
samples, with the expected elemental percentages predicted from the XRD simulation. Both 
samples showed a good InGaAs crystal, with  M4810 suggesting Bi incorporation in the crystal 
shown by the lower angle peak, due to increased lattice constant. This was shown by the lower 
angle compared to InGaAs due to the Bi doping, causing an increase in lattice constant on the 
assumption that the indium fraction was as expected. With M4807, there was little to no presence 
of bismuth in the crystal, due to no clear lower angle peaks, despite an attempted growth of 1.9%. 
This could be due to the higher 370°C bismide layer growth compared to M4810 with growth at 
310°C. The other capped sample showed that there was some bismuth incorporation in the crystal 
structure, but the bismuth contribution to the spectra was broad, instead of a peak with no distinct 
Pendellösung fringes and contained a shifted peak suggesting an inhomogeneous bismide layer, 
with the layer boundaries being blurred. This could have been due to the growth of the capped layer 
having an annealing effect on the bismide layer due to the higher growth temperature of 500°C, 
similar to what has been seen with annealing GaAsBi [111]. Further to this it could also suggest 
some relaxation and inhomogeneity, from uneven bismuth distribution previously seen in 
InGaAsBi [6] and GaAsBi [112]. The XRD spectra for the M4807 indicated low strain between the 
M4807
100 nm In53Ga47As Cap
100 nm InxGa1-xAs1-yBiy
x=53, y=0 (1.9 attempted growth)
200 nm In53Ga47As Buffer
InP Substrate
M4810
100 nm In53Ga47As Cap
35 nm InxGa1-xAs1-yBiy
x=54, y=1.9
55 nm InxGa1-xAs1-yBiy
x=54, y=2.9
200 nm In53Ga47As Buffer
InP Substrate
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InP substrate and InGaAs contribution, which could have showed that the indium content was near 
to the 53% required for a lattice match with the InP substrate. M4810 on the other hand showed 
that the either or both the capped and buffer layers are tensiley strained with respect to the InP 
substrate indicating insufficient indium incorporation in the buffer and/or cap during growth. 
Quaternary alloys are more complicated to analyse, since both indium and bismuth have the same 
effect on the lattice constant. Hence the compositions were unable to be determined just from the 
XRD spectra, but a prediction was made from the simulated XRD curve. 
 
 
Figure 3-2: High resolution XRD spectra for the MBE grown InGaAs capped InGaAsBi/InP samples showing both the 
simulated and experimental results. A prediction of the bismuth percentage is included on the spectra. XRD provided by 
University of Sheffield. 
 
The sample details for the uncapped samples are shown in Figure 3-3. The growth 
temperature for the buffer was 500°C, with the bismide layer grown at 310°C for all the samples. 
The bismide layer was grown at 310°C, to aid incorporation of bismuth in the structure, with the 
same potential problems as the capped samples with arsenic flooding and anti-site bonding [111]. 
Using Equation 3-1 and α for the material at the illumination wavelength, the penetration depth was 
calculated. Again, for simplicity, InGaAs values were used due to the low amount of bismuth. For 
532 nm, InGaAs had δp=59.4 nm which was not a problem due to the lack of the capped layer for 
these samples, meaning the laser will hit the bismide layer. With the 1064 nm laser, InGaAs had 
δp=645 nm which would penetrate all the grown layers and even further into the substrate than the 
capped samples. The differences of both laser sources were compared again. 
 
Figure 3-3: MBE grown uncapped InGaAsBi/InP samples composition with layer thicknesses and expected elemental 
percentages. 
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Similar to the capped samples, the samples were initially characterised with high resolution 
XRD. Figure 3-4 shows the high resolution XRD patterns for the uncapped InGaAsBi/InP samples 
with the expected elemental percentages predicted from XRD simulation. Both samples showed a 
good InGaAs crystal and bismuth incorporation in the crystal. The uncapped samples had more 
distinct Pendellösung fringes, suggesting a homogeneous alloy composition with sharper interfaces 
and better bismuth incorporation into the crystal than the capped samples. M4819 showed low 
strain between the InP substrate and InGaAs buffer contribution, which indicated the indium 
content being near to the 53% required for a lattice match with the InP substrate. Whereas M4821 
showed that the buffer was strained with the InP substrate, with the indium content potentially 
nearer to 52%, meaning this layer will be tensiley strained. Due to the quaternary alloy of the 
samples, the compositions were unable to be determined just from the XRD spectra, but a 
prediction was made from the simulated curve. 
 
  
Figure 3-4: High resolution XRD spectra for the MBE grown uncapped InGaAsBi/InP samples showing both the 
simulated and experimental results. A prediction of the bismuth percentage is included on the spectra. XRD data supplied 
by University of Sheffield. 
 
Along with the MBE grown samples, MOVPE grown InGaAsBi/InP samples were studied, 
which were supplied and grown by the University of Marburg. There were four samples, with two 
having the gallium growth parameter changed, lowering the gallium content and the other two 
changing the bismuth growth parameter, lowering the bismuth content. The sample details are 
shown in Figure 3-5 and Table 5 for the MOVPE grown InGaAsBi/InP samples. While the exact 
elemental percentages were unknown, each sample was compared to each other as the difference in 
gallium and bismuth with the other remaining constant. 
 
InGaAsBi 
300 nm InP Buffer 
InP Substrate 
Figure 3-5: MOVPE grown InGaAsBi/InP samples composition showing structure. Details of the layer thicknesses along 
with the difference between each of the samples are shown in Table 5. 
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Table 5: Details of all MOVPE grown InGaAsBi/InP samples showing the growth parameters varied in each sample and 
the layer thickness.  
Sample 
# 
Varied Growth 
Parameter 
Constant Growth 
parameter 
Thickness 
/ nm 
Strain 
/ % 
19046 Pp(TEGa)/III=0.733 Pp(TMBi)/V=0.005 54 0.36 
19052 Pp(TEGa)/III=0.706 Pp(TMBi)/V=0.005 49.9 0.35 
19056 Pp(TMBi)/V=0.004 Pp(TEGa)/III=0.755 54.6 0.1 
19057 Pp(TMBi)/V=0.003 Pp(TEGa)/III=0.755 55.2 0 
 
The growth temperature for the buffer was 590°C, with the bismide layer grown at 450°C 
for all the samples. This was a higher temperature than the MBE growth, but MOVPE growth is 
usually carried out at higher temperatures. Using Equation 3-1 and α for the material at the 
illumination wavelength, the penetration depth was calculated. The samples were counted as just 
InGaAs again for this due to the low amount of bismuth. For 532 nm, InGaAs had δp=59.4 nm with 
the 1064 nm laser, InGaAs had δp=645 nm. For these samples only the 532 nm laser was used, due 
to the bismide layer being even thinner than the other MBE grown samples. 
The high resolution XRD patterns for all the MOVPE grown samples, apart from 19057, 
are shown in Figure 3-6. All of the samples showed distinct Pendellösung fringes, suggesting a 
homogeneous alloy composition with smooth interfaces. The two samples, 19046 and 19052, with 
a smaller amount of gallium, had peaks further to the left compared to the others, with 19052 
having the peak furthest from the substrate due to having the least amount of gallium and therefore 
increased indium causing more compressive strain. Sample 19056 had a peak nearest to the 
substrate peak due to the lower compressive strain from having reduced bismuth content. 19057, 
with the lowest bismuth content, was expected to be the furthest to the right, but did not undergo 
the XRD study. 
 
Figure 3-6: High resolution XRD spectra for the MOVPE grown InGaAsBi/InP samples. XRD data supplied by 
University of Marburg. 
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3.3.2 Photoluminescence Setup for III-V Alloys 
Photoluminescence (PL) is the process where an electron will emit a photon when 
recombining with a hole in the valance band. This occurs after the absorption of a photon causing 
an electron to be excited into the conduction band forming a hole in the valance band.  
For the PL study a Nicolet iS 50 FTIR (Fourier Transform Infrared Spectroscopy) 
spectrometer along with parabolic mirror optics was used to measure the response from a sample 
when illuminated by either a Laser Quantum Opus 532 or Opus 1064 laser, with emission 
wavelength of 532 nm and 1064 nm, respectively. Both lasers had a beam diameter of 1.85 mm 
±0.2 mm [113] and were run at 0-1 W optical powers, selected using the laser control box from 
Laser Quantum. The samples were loaded in a closed cycle He-refrigerator cryostat and the 
temperature was varied from 10-300K. The set up for measuring the PL of the samples is shown in 
Figure 3-7. 
 
Figure 3-7: Photoluminescence set up for obtaining the photoluminescence spectra for the samples. Highlighted in green 
are the components required when a lock in amplifier is used and in yellow are the components required to use an 
external detector. 
 
A lock-in amplifier and chopper were used when the signal was too noisy or not strong 
enough to be clearly visible. Several detectors and beamsplitters were used, both internal and 
external to the FTIR, depending on the PL response from the sample so that the clearest signal 
response could be achieved. The various wavelength ranges for the detector and beamsplitters are 
shown in Appendix B. All spectra were corrected using the system response function, but were still 
affected by noise, due to water absorption in the air at various spectral ranges [114].  
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3.3.3 Reflection and Transmission Setup 
For the reflection and transmission measurements a Varian Cary 5000 UV-visible-near-IR 
spectrophotometer was used. To measure the reflectance, a reflectance accessory kit was used in 
place of a cuvette in the liquid sample holder. Figure 3-8 shows the path light takes through the 
reflectance accessory.  
 
 
Figure 3-8: Reflection accessory beam path, showing how sample is mounted and measured.  
 
The Cary 5000 used the inbuilt light source and monochromator to send a beam of light to 
the sample through the reflectance accessory. The measurement was initially run with a mirror in 
the samples place to collect a background spectrum and then rerun with the light source blocked to 
collect the zero baseline spectrum. After this, the samples replaced the mirror and the spectrum 
measured showed the reflectance of each sample, taking into account both the background and zero 
baselines. 
The transmission of the samples was measured using the solid sample holders with a 1 mm 
hole for both the sample and the reference chamber inside the spectrophotometer. The transmission 
spectra were obtained, taking into account the background and the empty reference chamber, along 
with a zero baseline which were all measured initially similar to the reflectance measurement. The 
baseline required no mirrors and was run with an empty sample holder in both the sample and 
reference chamber.  
With both the reflectance and transmission of the samples obtained, the bandgap energy was 
calculated, firstly using equations from the Beer-Lambert Law to find αd using Equation 3-2 [115]. 
𝐼 = 𝐼0𝑒
(−𝛼𝑑) 
𝑇 =
𝐼0
𝐼
 
 
𝛼𝑑 = 𝑙𝑛
100
𝑇(%)
 =>  𝛼𝑑 = 𝑙𝑛
100 − 𝑅(%)
𝑇(%)
 Equation 3-2 
Where I is the light intensity, I0 is the initial light intensity, α is the absorption coefficient, 
d is the thickness of the sample, T is the transmission and R is the reflectance. 
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From this α2 was calculated by dividing by the thickness of the sample and squaring the 
result. This was then plotted against energy (Tauc plot) and two lines of best fit were fitted to the 
linear parts of the plot and where they overlap was the bandgap energy for absorption. 
 
3.4 Experimental Results  
All the samples underwent a PL study to determine how far the bandgaps of the materials 
shifted due to the addition of bismuth. From the PL, the bandgap of the material can be found and 
the bismuth concentration can be approximated using previously studied samples, discussed in 
Section 2.2.2 in Figure 2-4. 
 
3.4.1 MBE Grown InGaAsBi/InP 
The InGaAsBi/InP samples grown using MBE were studied first. The FTIR internal KBr 
beamsplitter, along with the liquid nitrogen cooled external InSb detector, were selected for these 
samples with the FTIR averaging over 30 scans. This set of samples included three capped samples 
and two uncapped samples, with various elemental percentage contributions. These samples were 
grown at a lower growth temperature to try and aid bismuth incorporation. The growers at the 
University of Sheffield suggested that the lower growth temperature may have caused arsenic 
flooding, which will have an unknown effect on the crystal structure and may cause anti-site 
bonding along with other defects, similar to GaAsBi [109]. The presence of a capped layer in some 
of the samples may have also aided bismuth incorporation, by trapping the bismuth in the sample 
layer so that it cannot escape as easily. Also due to the capped layer being grown at a higher 
temperature than the bismide layer, a potential annealing effect may have occurred. 
For the PL study, two pieces of each sample were selected to compare results and see if the 
growth was consistent throughout the layer. To do this the quarter wafer sample had two pieces 
cleaved off using a diamond pen scribe, as shown in Figure 3-9, with the orange dots indicating 
where the pump laser hit the samples. This provided a PL for the center of the growth, where the 
sample should be the best and around the middle of the growth, which if there was a difference, 
will show an inconsistent growth despite the wafer being rotated during the growth. 
 
Figure 3-9: The InGaAsBi/InP sample quarter 4” wafers showing where the two pieces were cleaved off and where the 
beam from the laser will hit each piece, shown by the orange circle. 
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The MBE grown capped samples were looked at first with a 532 nm pump laser to obtain a 
temperature dependent PL, as shown in Figure 3-10. The samples all had a very low strength PL 
signal, even with the laser power set to 940 mW, along with no room temperature PL signal. 
Therefore it was not possible to have a power dependent PL, as there would be too few points to 
accurately compare.  
 
 
Figure 3-10: Temperature dependent PL spectra for all MBE grown capped InGaAsBi/InP samples with a 532 nm laser 
with 940 mW power. (a) shows M4807 and (b) shows M4810. 
 
The MBE grown capped samples that had an attempted growth but no visible bismuth 
incorporation from XRD, M4807, had broad localised state peaks ranging from 1710-2760 nm 
(0.73-0.45 eV) at 15K. Comparing these peaks to the trap states, discussed in Table 2 in Chapter 2, 
indicated that for M4807 the broad peak may be related to both point and pair defects for both 
majority electron and hole traps. The traps are associated with gallium vacancies, gallium 
vacancies plus substitutional bismuth, arsenic anti-sites, arsenic anti-sites plus substitutional 
bismuth and bismuth anti-sites plus substitutional bismuth. Another potential reason for the 
multiple peaks is compositional inhomogeneity in both in plane and growth direction. M4810 had 
fewer trap related effects from the broad emission, with both point and pair defects, but only 
majority hole traps. The traps were associated with arsenic anti-sites, arsenic anti-sites plus 
substitutional bismuth and bismuth anti-sites plus substitutional bismuth. It was unable to be 
proven that the PL shows these trap energy levels, due to it being unknown if they produce optical 
emission as the traps may have a lifetime too long to be measured. 
Another peak was present, most likely representing the capped InGaAs layer, which was 
expected at 0.787 eV (1575 nm) for In0.53Ga0.47As, at 1518 nm for M4807, which could indicate a 
lower indium percentage than the exact lattice match to InP. The full width half max (FWHM) of 
the capped InGaAs peak was equal to 22 nm (0.012 eV) for M4807 at 15K. The trap related broad 
peaks for both showed water absorption features in the PL, where the noise in the signal was 
increased, due to strong water absorption in the air for the spectral ranges of 1800-1950 nm (0.635-
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0.689 eV) and 2530-2800 nm (0.443-0.490 eV). These wavelengths corresponded to previously 
reported water absorption [114]. 
With the other capped sample M4810 there was no strong PL signal relating to defects or 
trap states, with similar temperature dependence, if the defect peaks in M4807 were ignored. There 
was a peak, most likely representing the capped InGaAs again, at 1548 nm for M4810; with a 
FWHM of the peak equal to 73 nm (0.037 eV) at 15K. For M4810 this was a wider peak than the 
capped PL response for M4807, potentially indicating some bismuth diffusing into the capped 
layer. There was a further peak at the lower temperatures due to the bismide layer at 1737 nm for 
M4810, with a FWHM of the peak equal to 89 nm (0.036 eV) at 15K. The bismide peak for M4810 
is at a higher intensity to the capped layer as well as a further longer wavelength peak with lower 
intensity, which could be due to the peak not being from the bismide layer but showing bismuth 
diffusing into the capped layer at the interface between the bismide layer and creating a new layer 
with lower bismuth incorporation. This is due to bismuth interstitials from the growth undergoing 
strain driven diffusion along the growth direction, discussed further in Chapter 4 with RBS [60] 
[116]. This could also explain the FWHM is still low  for a bismuth peak due to there being less 
bismuth, as well as a smaller layer thickness, which would also explain the lower intensity.  
Both positions for each sample underwent a similar temperature dependent PL study with 
the 15K, 940 mW laser power spectra for the MBE grown capped samples shown in Figure 3-11. 
M4807 had similar PL spectra with little difference depending on where on the wafer was tested, 
whereas M4810 had slightly different intensities for the peaks either side of the main peak from the 
bismide layer. This could explain the inhomogeneity that was shown in the XRD spectra for both. 
 
 
Figure 3-11: Comparison of both positions for 15K PL spectra for all MBE grown capped InGaAsBi/InP samples for a 
532 nm laser with 940 mW power. (a) shows M4807 and (b) shows M4810. 
 
Following the peak positions depending on temperature for the MBE grown capped 
samples meant that the temperature dependence could be compared to the Varshni calculated curve 
for In0.53Ga0.47As bandgap perfect lattice match to InP as shown in Figure 3-12 based on the 
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Varshni equation shown in Equation 3-3 [117].  The fitting parameters for In0.53Ga0.47As were 𝛼 =
5 × 10−4 𝑒𝑉/𝐾 and β=327K with E0=0.787 eV [4]. 
 
𝐸𝑔(𝑇) = 𝐸0 −
𝛼𝑇2
(𝑇 + 𝛽)
 
Equation 3-3 
Where Eg(T) is the temperature dependent bandgap, E0 is the 0K bandgap, α and β are 
fitting parameters characteristic of the material and T is the temperature. 
M4807 had many different peaks with only the 15K peaks at 0.82 eV and 0.69 eV 
following a similar shape to the Varshni curve, with the other two peaks representing the trap states 
previously discussed, which did not follow the Varshni curve or stayed constant, with the large 
defect peak potentially being made up of many peaks making it hard to analyse in depth and 
confirm the presence of the discussed trap states, which could be caused by localised states at 
longer wavelengths at low temperatures [4] and/or recombination via defect related traps [118]. 
There is also the possibility of  bismuth nanocrystal formation as previously observed in 
GaAsBi/AlAs superlattices which gave rise to strong PL signals with wavelengths from 1.3-1.7 µm 
after postgrowth annealing [119]. The other sample, M4810, had the capped layer not obviously 
following the Varshni curve, but did have the peaks from having bismuth incorporation follow the 
Varshni curve showing that the bismuth had incorporated with the InGaAs assuming the indium 
content is constant. 
 
 
Figure 3-12: Temperature vs energy plot for the peaks in PL spectra for all MBE grown capped InGaAsBi/InP samples 
with a 532 nm laser with 940 mW power. (a) shows M4807 and (b) shows M4810. 
 
The MBE grown uncapped samples were studied next using the 532 nm pump laser to obtain a 
temperature dependent PL, as shown in Figure 3-13. The samples all had a very low strength PL 
signal again even with the laser power set to 940 mW, therefore it was not possible to have a power 
dependent PL as there would be too few points to accurately compare. Bismuth contributions 
higher than 4% have not been reported much in this alloy, owing to challenging growth [4]. Along 
with this if InGaAsBi follows a similar trend to GaAsBi, where bismuth content above about 5% 
  
0 20 40 60 80 100 120 140 160 180
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
E
n
e
rg
y
 (
e
V
)
Temperature (K)
 1st Position Peak1
 1st Position Peak2
 1st Position Peak3
 1st Position Peak4
 2nd Position Peak1
 2nd Position Peak2
 2nd Position Peak3
 2nd Position Peak4
 Varshni In0.53Ga0.47As
(a)
M4807
Chapter 3 – Optical Study For III-V Semiconductors with Bismuth 
37 
 
will causing decrease in the PL improvement, bismuth content above 5% in InGaAsBi may not be 
ideal [120].  
 
 
Figure 3-13: Temperature dependent PL spectra for all MBE grown uncapped InGaAsBi/InP samples with a 532 nm 
laser with 940 mW power. (a) shows M4819 and (b) shows M4821. 
 
The two MBE grown uncapped samples, M4819 and M4821, had inferior temperature 
dependence compared to the capped samples. With M4819 showing no signal at temperatures 
above 30K. M4819 had a peak, most likely representing the InGaAs buffer layer, at 1586 nm, with 
a FWHM of the peak equal to 37 nm (0.018 eV). This is slightly wider than the capped InGaAs 
layer in the capped samples and at a slightly longer wavelength. Along with this peak, M4819 also 
had large defect related emission ranging from 2250-4600 nm (0.55-0.27 eV), which when 
compared to the trap states discussed in Table 2 Chapter 2. Indicating that the emission is related to 
many different trap states, both point and pair and majority electron and hole traps, with origin 
from gallium vacancies plus substitutional bismuth for charge state, arsenic anti-sites, arsenic anti-
sites plus substitutional bismuth, bismuth anti-sites plus substitutional bismuth and bismuth anti-
sites.  
M4821 on the other hand, did not show a large peak for the buffer layer, but there are some 
peaks which may represent it. Along with this, there was a broad peak that could be defect related 
at 2550 nm (0.49 eV, with a FWHM of 279 nm (0.053 eV), which again when compared to the trap 
states discussed in Table 2 Chapter 2, indicated that the emission is related to both point and pair 
majority hole traps from arsenic anti-sites, arsenic anti-sites plus substitutional bismuth and 
bismuth anti-sites plus substitutional bismuth. M4821 had less defect states due to the lower 
amount of bismuth incorporated into the sample, causing there to be less trap states related to 
bismuth. 
Both positions for sample M4819 underwent a similar temperature dependent PL study with the 
spectra for the MBE grown uncapped sample at 15K with 940 mW laser power, shown in Figure 
3-14. M4821 only showed PL spectra for the 1st position, which was nearest to the centre of the 
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wafer, showing that the growth was not homogeneous across the wafer. For M4819 the 1st position 
had a stronger likely InGaAs peak with the 2nd position seeming to be more defect related, therefore 
also showing an inhomogeneity in the growth across the wafer. This potentially shows that due to 
the capped layer growth in the other samples, a more consistent growth occurred throughout the 
wafer. 
 
 
Figure 3-14: Comparison of both positions for 15K PL spectra for MBE grown uncapped InGaAsBi/InP sample M4819 
for a 532 nm laser with 940 mW power. 
 
Again the peak positions depending on temperature for the MBE grown uncapped samples 
were plotted to compare the temperature dependence of the samples to the Varshni calculated curve 
for In0.53Ga0.47As perfect lattice match to InP, as shown in Figure 3-15. Only M4821 had enough 
temperature points to show temperature dependence, with the suspected defect peak roughly 
following the Varshni curve, making it unclear whether this peak is completely due to the trap 
stated mentioned. The two peaks observed at 15K relate to the InGaAs buffer layer, but the 
intensity of these peaks was too low to fully analyse for higher temperatures. 
 
 
Figure 3-15: Temperature vs energy plot for the peaks in PL spectra for MBE grown uncapped InGaAsBi/InP sample 
M4821 with a 532 nm laser with 940 mW power. 
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Overall, in general the capped samples had the stronger signal PL which was still visible at 
higher temperatures, indicating that the inclusion of a capped layer helped maintain a stable 
bismide layer with higher quality. The XRD spectra disagreed suggesting that the bismide layer 
growth in the capped samples had high inhomogeneity with no clear fringes in the capped samples, 
compared to the uncapped. The capped layer was potentially having an annealing effect on the 
bismide layer, due to the higher capped layer growth temperature, similar to what has already been 
reported for annealing GaAsBi, with PL improvement for annealing temperatures as low as the 
500°C the cap was grown at [120]. The inclusion of higher amounts of bismuth worsened the 
quality of the bismide layer in both the capped and uncapped samples, with both a weaker signal 
PL and evidence of trap related emission being present. Using growth temperatures of 370°C 
instead of 310°C also worsens the layer quality, with M4807 having the largest defect peaks of all 
the samples, even with a lower bismuth percentage. M4810 had the best PL signal with a shift in 
the PL indicating incorporation of bismuth in the bismide layer, with no visible defect peaks. Using 
the PL spectra for each sample, the bismuth percentage for each of the bismide layers was 
predicted. This was carried out by first assuming that the indium percentage was 53% for the 
perfect lattice match with the InP substrate and previously well studied samples and data, as shown 
in Figure 3-16 [4]. 
 
 
Figure 3-16: Overall normalised PL spectra for all MBE grown InGaAsBi samples both capped and uncapped at 15K 
with532 nm laser at 940 mW. The brown dotted lines show the bismuth content associated with that energy in 
In0.53Ga0.47As1-yBiy from previous studies also at 15K [4]. 
 
From this, the peaks that are not indicating defects are matched up to predict the bismuth 
percentage in the bismide layer, as shown in Table 6. The uncertainty in PL peak position was 
about 10 meV giving an error for the bismuth composition of 0.2%. Anything that does not follow 
the Varshni curve for InGaAsBi was counted as defect related emission, which is difficult to 
compare due to the temperature dependence from 0-100K falling less than higher temperatures. For 
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the capped samples both M4807 and M4810 indicated a bismuth fraction from PL similar to XRD 
or the attempted growth specification. With the two uncapped samples the PL did not match with 
the XRD with the signal being too small to clearly show the bismide layer, most likely due to poor 
growth in the uncapped samples. This follows with the rest of the samples showing no PL, but they 
had a significantly higher attempted bismuth fraction. This seemed to indicate that having a capped 
layer helps the growth quality, even if the XRD plots were worse and aids in the temperature 
stability of the samples, due to the capped samples still showing a clear PL signal at higher 
temperatures to the uncapped samples in general. 
 
Table 6: Summary table for all MBE grown samples, showing PL and XRD results with Bi percentage predictions. All 
samples are same colour as their respective PL spectra in Figure 3-16. 
Sample 
PL peak 
(eV) at 
15K 
Max T  
(K) 
Suspected cause 
Bi% from  
PL (assuming 
53% In) 
Bi% from XRD 
M4807 
0.82 140 Capped layer 0 
0, attempted 1.9 
0.69 140 Bismide layer 1.8 
0.62 120 Majority electron trap N/A 
0.5 160 Majority hole trap N/A 
M4810 
0.8 60 Capped layer 0 
1.9-2.9 0.71 80 Bismide layer 1.6 
0.61 100 Bismide layer 3.4 
M4819 
0.79 30 Buffer layer 0 
3.5 0.25-
0.55 
30 
Bismide layer or 
Majority hole trap 
>5 
M4821 
0.81 15 Buffer layer 0 
2.1 0.79 15 Buffer layer 0 
0.48 120 Majority hole trap 5.5 
 
3.4.2 MOVPE Grown InGaAsBi/InP 
It was of interest to compare the properties of InGaAsBi/InP layers grown using different 
techniques. MOVPE grown InGaAsBi/InP samples were therefore studied using the same PL setup 
and method as the InGaAsBi/InP samples grown using MBE. The FTIR internal KBr beamsplitter 
along with the liquid nitrogen cooled internal InGaAs detector was selected for these samples, due 
to the likelihood of the samples having a response lower than the 1.5 µm lower end limit for the 
InSb detector and not displaying a response outside the InGaAs detectors upper wavelength range. 
Again, the FTIR averaged over 30 scans. This set of samples included four InGaAsBi samples all 
grown with different elemental concentrations. Each sample had the amount of gallium or bismuth 
adjusted individually by set amounts. These samples were grown at a higher growth temperature to 
the MBE samples due to the different growth methods but could induce more thermal stresses from 
the growth due to this. For the PL study there was only one piece of each sample, so it was 
impossible to test the homogeneity throughout the wafer, unlike the MBE samples. 
The MOVPE grown samples with a reduced gallium growth rate, with 19052 having a 
lower rate than 19046, were looked at first. This should have meant that the arsenic and bismuth 
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content is the same for both, but the gallium should be lower and the indium higher to keep the 1:1 
ratio between the group III and group V elements. With the strain percentage increasing for both of 
these samples, as shown in Table 5, this indicated an indium increase further above the 53% indium 
lattice match for InGaAs with InP. With 19046 having a strain of 0.36% and 19052 having a strain 
of 0.35%. 
The temperature dependent PL spectra for both 19046 and 19052 are shown in Figure 3-17. 
Unlike the MBE grown InGaAsBi/InP, there was one clearly defined peak with another peak at low 
temperatures merged with the higher wavelength side of the main peak potential due to exciton and 
electron-hole recombination emission similar to what has been observed in bulk InAs [121] [122]. 
There was no visible defect related peaks and the buffer does not show up due to being InP instead 
of InGaAs, with InP having a bandgap of 1.34 eV [110]. This would have showed up on the PL 
spectra at 925 nm, but any response from the InP was blocked off by filters. 19052 had a stronger 
PL intensity compared to 19046. 
 
 
Figure 3-17: Temperature dependent PL spectra for MOVPE grown InGaAsBi/InP samples with a 532 nm laser with 
940 mW power. (a) shows 19046 and (b) shows 19052. 
 
The PL peak energy positions for each sample and powers was plotted against temperature, 
as shown in Figure 3-18, with the 15K energy being lower than the 53% indium Varshni curve due 
to the increase in indium for both. Changing power in both samples has a minimal effect on the 
line, with 19046 affected more and 19052 having more of an s shape to the line with lower powers. 
Both follow the InGaAs Varshni curve, but again fall more gradually with increasing temperature. 
This could have been caused by band anti-crossing, which would indicate the presence of localised 
defect states from the larger sized indium and bismuth atoms restructuring the valence band edge of 
GaAs. The bismuth level lies below the valence band maximum (VBM) in GaAs, therefore an anti-
crossing occurs leading to an upward shift in the VBM in GaAsBi, with InGaAsBi experiencing the 
same effect [3]. Only the main peak was used for this due to it being difficult to locate the exact 
position of the side peak. 19052 displayed an s-shape behaviour at low temperatures, unlike sample 
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19046, which indicates localisation effects, similar to what have been seen in GaAsBi previously 
[123]. The s-shape fell further as the laser pump power lowers, indicating that the localised energy 
states caused a blue-shift in the PL peak energy upon increasing the excitation power, due to trap 
carriers being present at low temperatures and the higher pump powers enabling easier emission 
from the trap. With this sample having an increase in indium compared to 19046, this indicated that 
the localised states may be caused by indium.  
 
 
Figure 3-18: Temperature vs energy plot for the peaks in PL spectra for MOVPE grown InGaAsBi/InP samples with a 
532 nm laser. (a) shows 19046 and (b) shows 19052. 
 
The next set of MOVPE grown InGaAs/InP samples had a reduced bismuth growth rate 
compared to the other samples, with 19057 having a lower rate than 19056. This should mean that 
the gallium and indium content should be the same for both, but the bismuth should be lower and 
the arsenic higher to keep the 1:1 ratio between the group III and group V elements. The strain 
percentage decreases for both of these samples compared to the other sample, as shown in Table 5, 
with 19056 having a strain of 0.1% and 19057 having a strain of 0%. 
The temperature dependent PL spectra for both 19056 and 19057 are shown in Figure 3-19. Again, 
there is one clearly defined peak with another peak at low temperatures merged with the higher 
wavelength side of the main peak. There are no visible defect related peaks with the InP buffer 
blocked off by the filters. 19056 had a stronger PL intensity compared to 19057. 19056 had a 
similar PL intensity to both the samples with reduced gallium, with 19057 having the significantly 
weaker PL.  
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Figure 3-19: Temperature dependent PL spectra for MOVPE grown InGaAsBi/InP samples with a 532 nm laser with 
940m W power. (a) shows 19056 and (b) shows 19057. 
 
The PL peak energy positions for each sample and powers was plotted against temperature as 
shown in Figure 3-20, with the 15K peak energy occurring at higher energies for both samples, due 
to the decrease in bismuth content. Changing power in both samples has a minimal effect on the 
line, with both having more of an s shape to the line with lower powers similar to sample 19052. 
Both follow the InGaAs Varshni curve, but again fall more gradually, with both at higher 
temperature having a higher energy than the Varshni curve. Similar to the other MOVPE grown 
samples, this could have been caused by band anti-crossing, with 19057, containing the least 
bismuth, which had the shallower decline. Again only the main peak was used for this due to the 
difficulty in locating the peak energy of the side peak. Both 19056 and 19057 displayed an s-shape 
behaviour at low temperatures, similar to 19052 previously, which indicated localisation effects, 
similar to what have been seen in GaAsBi previously [52]. The s-shapes again fell further as the 
laser pump power lowered, indicating that the localised energy states caused a blue-shift in the PL 
peak energy upon increasing the excitation power, due to trap carriers being present at low 
temperatures and the higher pump powers enabling easier emission from the trap, with the energy 
levels summarised in Table 7. Comparison of the shift in energy was made by subtracting from 
E(0), calculated from the Varshni fit for the samples not including the drop due to the s-shape. The 
three samples with the s-shape all had a similar E(0) - peak energy, which indicated that the 
localised states are not just caused by indium, as if that was the case 19046 would also show the 
localised states. It is more likely that the localised states are due to arsenic, with all the samples 
having a similar content due to the small variation in bismuth. This could have potentially occurred 
during the growth of the material with arsenic flooding and 19046 not undergoing this as much as 
the other three. 
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Figure 3-20: Temperature vs energy plot for the peaks in PL spectra for MOVPE grown InGaAsBi/InP samples with a 
532 nm laser. (a) shows 19056 and (b) shows 19057. 
 
Table 7: Comparison of the difference between the zero kelvin energy Varshni fit and the peak energy, at different pump 
powers. 
 
940mW peak 
/ eV 
750mW peak 
/ eV 
500mW peak 
/ eV 
250mW peak 
/ eV 
Sample 
E(0) Peak  
/eV 
E(0)-peak  
/meV 
Peak  
/eV 
E(0)-peak  
/meV 
Peak  
/eV 
E(0)-peak  
/meV 
Peak  
/eV 
E(0)-peak  
/meV 
19046 0.753 0.75 3 0.75 3 0.75 3 0.749 4 
19052 0.757 0.754 3 0.752 5 0.75 7 0.746 11 
19056 0.769 0.763 6 0.762 7 0.76 9 0.757 11 
19057 0.777 0.769 8 0.768 9 0.765 11 0.762 13 
 
The overall comparison for the MOVPE grown InGaAsBi/InP samples is shown in Figure 
3-21, for both 15K and 295K. The samples with increased indium content had less difference 
between their PL intensity compared to the decreasing bismuth samples.  
 
  
Figure 3-21: PL spectra for all MOVPE grown InGaAsBi/InP samples with 532 nm laser. (a) shows the 15K PL and (b) 
shows the 295K PL. 
 
From the 15K and 295K PL the peak height reduction for all the MOVPE InGaAsBi/InP 
samples can be calculated. The peak height reduction is found by using Equation 3-4. 
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𝑃𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡
𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
=  
15𝐾 𝑃𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
295𝐾 𝑃𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
 Equation 3-4 
The peak height reductions calculated for the MOVPE grown samples are shown in Table 
8. The changes in indium and bismuth content can be compared with the other samples. When 
increasing the indium content in samples 19046 and 19052 the peak height reduction is 
significantly higher than with decreasing the bismuth content in samples 19056 and 19057. This 
indicates that increasing the indium content increases the temperature dependence on the sample, 
while decreasing the bismuth content has the opposite effect and decreases the temperature 
dependence. 
 
Table 8: Peak height reduction for all MOVPE grown InGaAsBi samples. 
Sample Peak height reduction 
19046 1030 
19052 990 
19056 749 
19057 666 
 
The overall energy against temperature plot is shown in Figure 3-22, along with the 53% indium 
Varshni calculated InGaAs curve and both 0% bismuth InGaAs and 1.1% bismuth InGaAsBi from 
previous experimental data [4]. Assuming that the indium content for all the samples is around the 
53% to lattice match, the bismuth content for all must be between 0 and 1%. Increasing the indium 
content decreased the PL peak energy at 15K, with 19046 having the lower energy compared to 
19052, despite from the growth suggesting that 19052 would have more indium. This could be due 
to the bismuth diffusing out of the samples when grown and each having different bismuth content 
despite the attempt at making this constant. From the Varshni curve, samples 19046 and 19052 
were predicted to have an indium content higher than 53% and a bismuth content higher than the 
other samples, but this is difficult to accurately predict. The samples with decreasing bismuth both 
had a higher energy at all temperatures, with 19057 having the higher energy along with the lower 
bismuth content which is as it should be. This could indicate that the group III elements, indium 
and gallium have a more consistent growth compared to the group V elements, arsenic and 
bismuth. Samples 19056 and 19057 were predicted to have lower indium content than the 53% 
Varshni curve due to the shallower decline with temperature and bismuth content lower than the 
other three samples with 19057 having the lowest amount of bismuth. 
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Figure 3-22: Temperature vs energy plot for the peaks in PL spectra for all MOVPE grown InGaAsBi/InP samples with a 
532 nm laser. Previous experimental data for InGaAs and InGaAsBi included [4].  
 
The widths of the MOVPE grown InGaAsBi/InP sample PL peaks were compared by finding the 
full width half maximum (FWHM) of the peak, this was plotted against temperature, as shown in 
Figure 3-23. The FWHM shows the homogeneous or inhomogeneous broadening of the linewidth 
relating to the disorder in the crystallinity. There is some inhomogeneous broadening due to the 
linewidth broadening as shown on the graph. This could be due to the presence of the peak merged 
with the side of the main peak with this having different temperature dependence and therefore 
broadening the width of the overall peak. 
 
 
Figure 3-23: FWHM against temperature plot for all MOVPE grown InGaAsBi/InP samples with a 532 nm laser. 
 
With the MOVPE samples being of higher quality and stronger PL than the MBE samples, 
the absolute reflectance and transmission of the samples were also be measured to determine an 
energy gap from absorption, as well as the PL energy gap. The reflectance and transmission spectra 
for the MOVPE grown InGaAsBi/InP samples is shown in Figure 3-24, with all the samples being 
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reasonably similar, apart from the transmission spectra for 19052 which was significantly higher 
between 1000 and 1700 nm. 
  
  
Figure 3-24: (a) shows the absolute reflectance spectra for all the MOVPE grown InGaAsBi/InP samples. (b) shows the 
transmission spectra for all the MOVPE grown InGaAsBi/InP samples. 
 
From the the reflectance and transmission, αd was calculated using Equation 3-5 and Equation 3-6 
to derive Equation 3-7. The αd was calculated and from this α2 was calculated and plotted against 
energy as shown in Figure 3-25(a), using the data for the thickness of the InGaAsBi layer. 
 
 𝐼 = 𝐼0𝑒
(−𝛼𝑑) Equation 3-5 
 𝑇 =
𝐼0
𝐼
 Equation 3-6 
 ∴  𝛼𝑑 = 𝑙𝑛 (
100
𝑇(%)
)  =>  𝛼𝑑 = 𝑙𝑛 (
100 − 𝑅(%)
𝑇(%)
) Equation 3-7 
Where I is the intensity of the transmitted light, I0 is the intensity of the incident light, α is 
the absorption coefficient, d is the thickness of the bismide layer, T is the Transmission and R is the 
reflectance. 
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Figure 3-25: (a) shows the α2 for all the MOVPE grown InGaAsBi/InP samples. (b) shows an example of how the 
bandgap from absorption is calculated for 19046.  
 
The α2 curves were used to find the band gap for absorption. This was carried out by 
drawing two linear fits and seeing where they intersect, as shown in Figure 3-25(a). To compare the 
absorption band gap with the energy gap from PL, a correction needed to be made. The band gap 
energy for PL was calculated using the PL energy peak with Equation 3-8. The comparison of the 
band gap from absorption and PL along with the PL energy peak is shown in Figure 3-26. 
 
 
𝐸𝑔
𝑃𝐿 = 𝐸𝑃𝐿 −
𝑘𝑇
2
 Equation 3-8 
Where Eg
PL the band gap energy is for PL, EPL is the energy peak from PL, k is 
Boltzmann’s constant and T is the temperature. 
 
 
Figure 3-26: Comparison of the bandgaps for all the MOVPE InGaAsBi samples for PL and absorption. 0% Bi and 1.1% 
Bi previously studied InGaAsBi data shown by dotted lines [4]. 
 
The band gap from absorption for the samples with more indium, 19046 and 19052, both 
have a larger difference, Stoke shift, between the bandgap from PL and absorption compare to 
19056 and 19057, as shown in Table 9. The bandgap from PL for 19046 and 19052 decreases 
compared to 19056 and 19057, whereas the bandgap from absorption increases. Increasing the 
indium content induces a larger stokes shift, with a decreasing bismuth content, 19056 and 19057, 
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taking into account any uncertainties in the bandgap, there is a significant reduction in Stoke shift, 
which suggests that bismuth increases the broadening of the band edge (Urbach tail). 
 
Table 9: Comparison of the difference between the absorption and PL band gaps for MOVPE grown InGaAsBi/InP. 
Sample 𝐸𝑔
𝐴𝑏𝑠-𝐸𝑔
𝑃𝐿 
19046 0.0227 
19052 0.0317 
19056 -0.00236 
19057 -0.00376 
 
Overall the MOVPE grown InGaAsBi/InP samples had roughly a hundred times stronger 
intensity when using the same InSb detector and PL set up than the most intense MBE sample, as 
shown in Figure 3-27. 19046 had a significantly brighter peak relating to the sample, compared to 
any of the MBE grown samples, even including the peaks potentially identifying trap states, which 
were the stronger PL peaks. This showed that the MOVPE growth method had produced the better 
samples with no defect related peaks. The only issue is whether this would still be the case for 
higher bismuth content MOVPE grown samples as well as whether the peak shift is due to the 
bismuth or just an increase in indium. 
 
 
Figure 3-27: PL spectra comparison for MBE and MOVPE grown InGaAsBi/InP all using InSb detector. 
 
3.5 Summary  
It was shown that the MOVPE grown InGaAsBi/InP was of a higher quality compared to 
the MBE grown InGaAsBi/InP. With the MBE grown samples the PL signal was significantly less 
intense with the MOVPE samples being roughly 100 times stronger. Further to this the PL signal 
for the MOVPE samples was visible from 15K all the way to room temperature, unlike the MBE 
samples where the spectra was not visible above the noise at above 150K for all samples, with the 
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strongest intensity from trap state related peaks, most likely due to the significantly high bismuth 
content in the samples with at least 2-3 times more bismuth compared to the MOVPE samples. The 
MOVPE samples showed band anti crossing and localisation effects, with the MBE samples not 
showing this, but that could be due to the signal strength being too low to accurately measure this. 
The MBE grown samples had many defect peaks seeming to relate to trap states, with MOVPE 
having just a peak attached to side of main peak, which is most likely not a defect and exciton and 
electron hole recombination. Having a capped layer of InGaAs on top of the bismide layer 
produced MBE grown samples with higher intensity PL spectra compared to the uncapped 
counterparts. This is potentially due to the higher growth temperature of 500°C for the cap layer 
compared to the 310°C for the bismide layer, which could be causing an annealing effect on the 
bismide layer. 
The MBE samples were easier to provide a bismuth content prediction due to the higher 
attempted growth amounts along with the indium content attempted to be fixed. The MOVPE 
samples were a lot harder to predict due to the small amount of bismuth that could be present along 
with the indium content altering as well, therefore a wide prediction was made assuming 53% 
indium. Due to indium and bismuth having a similar effect on the bandgap other techniques are 
required to fully calculate the elemental contributions of the samples. Secondary ion mass 
spectrometry (SIMS) can analyse composition but due to sputtering of the sample it is destructive 
and the sample will not be able to be tested further. Rutherford backscattering spectrometry (RBS) 
is another option to analyse the composition of materials and indicate the quality of the crystal 
growth by directing the ion beam down crystal channels. This technique would be less destructive 
due to the ions being backscattered to the detectors rather than sputtering the atoms in the sample. 
RBS for the InGaAsBi samples was studied in Chapter 4. 
To help clarify the optical study, an ideal set of samples requiring the same elemental 
contribution at different temperature growth, same growth temperature but different indium 
content, same growth temperature but different bismuth content and capped and uncapped samples 
for both growth methods would be ideal. Along with this InAsBi samples could be studied for their 
use in further IR devices. 
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Chapter 4 – RBS Study For III-V 
Semiconductors with Bismuth 
4  
4.1 Aim 
The aim of this chapter is to find a method to further characterise the bismuth containing 
III-V semiconductors and their alloys along with the different growth methods. Rutherford 
backscattering spectrometry (RBS) is the technique chosen for achieving this due to its near-
surface analysis of solids. RBS can provide an elemental composition and individual element depth 
profile while being non-destructive. Both random angle and channelling through the crystal 
structure were carried out. 
 
4.2 Introduction 
The use of bismuth in III-V semiconductors greatly adds to the functionality of IR optical 
devices, but also causes many problems to do with the growth of the material. Optical techniques, 
as shown in Chapter 3, can only characterise the samples so far, as they give no details about the 
structure of the semiconductor itself and are hard to distinguish which element has caused shifts in 
wavelengths. This is especially difficult for quaternary bismuth containing III-V semiconductor 
alloys like InGaAsBi, as both indium and bismuth give rise to a reduced band gap [5].  
In response to this, the basis of this chapter is to use Rutherford backscattering 
spectrometry (RBS) to further analyse the growth of the III-V semiconductors featured in Chapter 
3. RBS will be used to identify the elemental composition of the bismuth containing alloys. This is 
carried out by doing a random angle scan with the ion beam, meaning the sample has no crystal 
alignment with the beam. Further to the random angle, the ion beam can be directed down various 
channelling directions, which gives a depth profile for each element in the sample. This can be used 
to identify whether the atoms are substitutional or interstitial on the lattice and any potential strain 
throughout the layer.  
The further information from RBS will help with characterising growth conditions for 
these semiconductors, any problems with the current growth methods as well as being able to 
compare Molecular Beam Epitaxy (MBE) and Metalorganic Vapour-Phase Epitaxy (MOVPE) 
growth. This will allow identification of optimum growth conditions for this new class of 
semiconductor.  
The random angle and channelling RBS were carried out in collaboration Prof. Jonathan 
England and Ella Schneider from the Ion Beam Centre, University of Surrey. 
The results are summarised in a table in Appendix C. 
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4.3 Experimental Overview 
4.3.1 Samples 
For the RBS study, the same samples as in Chapter 3 were used, with the details shown in 
Appendix A. For the MOVPE grown InGaAsBi/InP samples, they all had very similar 
photoluminescence (PL) peak energies, with a suggested bismuth content of 0-1%, assuming 53% 
indium content. Due to this, it would be very difficult to compare such small differences in the 
bismuth content due to the background noise in the RBS measurement, which had a maximum 
bismuth percentage of 1%, meaning that smaller bismuth peaks will be disguised by the 
background. Therefore only one sample was selected for RBS to confirm the presence of bismuth 
and that the shift in bandgap from the PL was due to bismuth incorporation and not just an increase 
in indium content. This sample was 19046, due to the PL from the sample having the potential for 
the highest percentage of Bi along with one of the strongest signal strengths. Along with this 
sample, the InGaAsBi/GaAs sample (19030) and a previously well studied GaAsBi/GaAs sample 
(17612) were chosen for comparison, with the details of these samples shown in Figure 4-1. The 
three samples sizes were around 4 by 4 mm, which is on the smaller end of what was required for 
RBS, due to ensuring the ion beam hits the sample especially when at greater angles when 
channelling. 
 
 
Figure 4-1: MOVPE grown samples selected for RBS study composition with layer thicknesses and expected elemental 
percentages. 
 
The growth temperature for the bismide layer of 17612 was 400°C with the buffer layer 
grown at 625°C [124]. The buffer layer for sample 19030 was grown at 625°C, while the bismide 
layer was grown at 400°C. The buffer layer for sample 19046 was grown at 590°C while the 
bismide layer grown at 450°C. The high resolution XRD spectra for 19030 and 19046 are shown in 
Figure 4-2. In comparison to 19046, 19030 showed no Pendellösung fringes indicating that there is 
a higher degree of inhomogeneity with the alloy composition, with the growth possibly affected by 
the inclusion of bismuth and indium with a GaAs substrate. 
19046
54 nm InxGa1-xAs1-yBiy
300 nm InP Buffer
InP Substrate
19030
17.5 nm InxGa1-xAs1-yBiy
x=0.369, y=3.64
250 nm GaAs Buffer
GaAs Substrate
17612
60 nm GaAs1-yBiy
y=3.7
250 nm GaAs Buffer
GaAs Substrate
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Figure 4-2: High resolution XRD spectra for the MOVPE grown InGaAsBi/InP sample 19046 and InGaAsBi/GaAs 
19030. XRD data supplied by University of Marburg. 
 
With the MBE grown InGaAsBi/InP samples, two InGaAs capped and two uncapped 
samples were chosen. M4807 had large localised state PL peaks, due to the unusual shape of the 
spectra. RBS was used to give more insight into why the multiple peaks, from around 0.72 to 
0.47 eV, occurred. M4810 was selected due to the PL spectra showing a potential PL peak shift that 
could indicate the presence of incorporated bismuth, along with both having a different predicted 
bismuth percentage. All capped sample details are shown in Chapter 3 Figure 3-1. The samples 
sizes are around 12 by 18 mm. 
Both uncapped MBE grown samples were selected, which were M4819 and M4821. RBS 
was hoped to give an idea on the lower PL intensity as well as an accurate elemental contribution, 
that PL could not give. The details for the two samples are shown in Chapter 3 Figure 3-3. M4819 
was the same size as the other MBE grown samples, which was about 12 by 18 mm, but M4821 
had a smaller size of 10 by 12 mm. 
All the growth parameters and temperatures for each layer in the MBE samples was 
discussed in Chapter 3 as well as Appendix A. 
 
4.3.2 RBS Setup 
The general setup for RBS involved a source of collimated ions, a scattered particle detector along 
with a six axis goniometer to move and rotate the samples in three translational degrees of freedom, 
x, y and z and three rotational degrees of freedom, θ, φ and ω as shown in Figure 4-3 [39] [125]. 
Figure 4-3 also shows the setup used for the RBS study, with the samples mounted on a 6 inch 
silicon wafer, using silver electrodag, and attached to the goniometer. This enabled easy movement 
to each sample, as well as being able to rotate the samples to align the He+ ion beam used with the 
different crystal directions with an accuracy of around 0.001° [125].  
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Figure 4-3:  RBS setup along with photo of setup. Bottom right shows the goniometer axis for the translational and 
rotational degrees of freedom.  
 
The He+ ion beam was created using a High Voltage Engineering Europe duoplasmatron 
ion source, by converting helium gas to plasma to produce an ion beam [125]. After the plasma was 
created it needed to be converted to negative ions before entering the Tandetron accelerator, using a 
lithium charge exchange canal. An injector was used to guide the beam into the Tandetron 
accelerator as well as filter any non negative ions. The Tandetron accelerator from High Voltage 
Engineering Europe took the negative ions and striped the electrons causing the ions to become 
positively charged. The positive ions were accelerated through the accelerator using the positive 
terminal via electrostatic repulsion. The maximum energy for He+ was 6MeV with a beam current 
varying by less than 5% over several hours [125]. Magnets were then used to steer and focus the 
beam. The width of the ion beam hitting the sample was around 0.5 mm. 
Two different silicon diode particle detectors were used inside the scattering chamber to detect the 
scattered particles with the geometries shown in Figure 4-4. Silicon was a good material for particle 
detection, due to a full VB and empty CB, causing no current flow unless a source of energy 
excites an electron across the bandgap. He+ ions enter the silicon, forming ion tracks which excite 
electrons across the bandgap. The energy of the ion relates to the total charge created. Detector A 
was set in Cornell geometry, with a scattering angle of 173.4° and exit angle of 6.6°, giving a 
greater mass resolution. With Cornell geometry, the incident beam, exit beam and sample rotation 
axis are all in the same plane, with the exit angle shown in Equation 4-1 [126]. 
 𝑐𝑜𝑠𝛽 = −𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝛼 Equation 4-1 
Where β is the exit angle, θ is the scattering angle and α is the incident angle. 
 
 
Scattering 
chamber Beam line 
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Detector B was set in International Business Machine (IBM) geometry with a scattering angle of 
148.6° and exit angle of 31.4° giving a greater depth resolution. With IBM geometry, the incident 
beam, exit beam and surface normal are in the same plane, with the exit angle shown in Equation 
4-2 [126].  In the results detector B will be focussed on due to the greater depth resolution. 
 𝛽 = 180° − 𝛼 − 𝜃 Equation 4-2 
Where β is the exit angle, θ is the scattering angle and α is the incident angle. 
  
Figure 4-4: IBM geometry is shown on the left with the blue rectangle representing the sample. Cornell geometry is 
shown on the right with the blue rectangular cuboid representing the sample with a plane shown as the red rectangle. 
 
Analysis of the data collected from the RBS setup was carried out using SIMNRA software 
[127] along with the multi-SIMNRA, which enables analysis and fitting of multiple RBS spectra. 
The software plots the RBS spectra with ion yield on the y axis and channel number on the x axis. 
Ion yield is the number of collected backscattered ions with an energy equivalent to a channel from 
the data collection. Using this software, a simulation for the expected experimental spectra can be 
generated using the sample details, with each layers thickness and elemental percentages along 
with the detector geometries and energy of the He+ ion beam. SIMNRA calculates the final ion 
energies from the backscattering events due to all the elements in the sample, using kinematic 
collision models from SRIM (the Stopping and Range of Ions in Matter) software and electronic 
energy loss equations based off Monte-Carlo method [128]. The simulation created from this is 
adjusted to fit the experimental spectra by adjusting the energy calibration parameters, energy per 
channel and energy offset. The peak due to the ions with the most energy backscattered is from the 
bismuth in the samples due to bismuth having the greater atomic weight.  
Using this simulation, it was found that the indium and bismuth peaks will overlap in 
energy partially or even fully, if the energy of the He+ ion beam is not high enough. This was 
especially the case for the MBE grown InGaAs capped samples, as the indium in the capped layer 
further overlapped the bismuth peak. The simulation showed that 4 MeV was the minimum energy 
required from the He+ ion beam to fully separate the indium and bismuth peaks as shown in Figure 
4-5. This shows that, with lower ion energies there are more backscattering events, as shown by the 
spectra having a greater ion yield as further confirmed by the SRIM analysis of the He+ ions hitting 
InGaAsBi/InP sample using TRIM (the Transport of Ions in Matter) software as shown in Figure 
4-6, which is also a Monte-Carlo simulation [128] [129]. This shows that the lower the ion energy, 
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the shorter the stopping distance in the substrate, meaning it is more likely for scattering to occur. 
Further to this, the energy loss from collisions will be similar due to the higher number of 
backscattering events, meaning that elemental peaks will overlap, as shown in Figure 4-5. 
Therefore, a reduction in backscattering events due to higher ion beam energy will mean there is a 
greater difference in energy loss depending on the atomic weight of each element present.  
 
 
Figure 4-5: Comparison of a capped InGaAsBi/InP random angle RBS spectra simulated with different ion beam 
energies, showing the Bi peak separating from the In peak at higher ion energies. 
 
 
Figure 4-6: SRIM calculations for the ion ranges in a 100nm thick InGaAsBi layer with 200nm thick InGaAs buffer on 
InP substrate for 1-6 MeV He+ ion beam energies. X-axis is the target depth, ranging from 0 to 28 µm. 
 
 
Therefore for the RBS study 4 MeV was chosen, as even though higher energies further 
separate the peaks this is not required as it is impossible to separate the gallium and arsenic peaks 
from each other due to the atomic weight being too similar, 69.72 and 74.92 respectively; unlike 
bismuth and indium, where bismuth has an atomic weight nearly two times that of indium, 208.98 
and 114.82 respectively [130]. Also using higher ion beam energies reduces the depth and mass 
resolution for the samples, as shown by the reduction of the elemental peaks in width and size 
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respectively. Using this RBS setup, a random angle study and a channelling study can be carried 
out to examine the samples. This is an improvement on previous RBS studies of III-V 
semiconductors containing bismuth which were run using ~2meV He+ beam and had the bismuth 
related peak half covered by the indium [131] [132]. 
  
4.3.3 Random Angle Setup 
For the random angle scans the setup is the same as detailed above, but the sample is 
orientated so that the ion beam hits the sample at a completely random direction, so that there is no 
crystal alignment. In this case, the angle of incidence was set to 3°, due to the <100> channel being 
along the sample normal and the channel width being about 2°, therefore ensuring that the ion 
beam is not hitting a channel. This enables the whole sample to be detected with the minimum 
amount of shadowing on the deeper atoms by the surface atoms. This is achieved by rotating the 
goniometer until the maximum signal is achieved and then taking the scan. The time spent 
collecting each spectrum was chosen so that the sample was bombarded with 5 µC of helium ions. 
This charge is a good compromise between collecting sufficient data for improved counting 
statistics, while not causing damage to the sample. 
From this scan, SIMNRA was used to compare the experimental results to the simulated 
curve. The simulation curve was calculated by the program by using the electronic stopping power 
for ions in all elements from the Brandt-Kitagawa theory [129] along with the nuclear stopping 
power for helium and other ions using the universal Ziegler Biersack Littmark (ZBL) potential 
[129] that SRIM is based off of and Bragg’s rule for stopping power in compounds [133] [134], 
along with fitting the theoretical curves to many sources of experimental data to ensure the highest 
degree of accuracy. An example is shown in Figure 4-7, which shows the two curves as well as the 
elemental contributions to the simulated curve. The elemental percentages in each layer, along with 
the layer thicknesses are adjusted until the simulated curve fits the experimental data. This then 
gives the elemental composition of the layers in the sample as a percentage of the whole layer. 
 
Chapter 4 – RBS Study For III-V Semiconductors with Bismuth 
58 
 
 
Figure 4-7: Example random angle RBS spectra for a InxGa1-xAs1-yBiy sample with InGaAs cap and InP substrate, 
showing the elemental contributions and percentages based off x and y. 
 
4.3.4 Channelling Setup 
For a channelling scan, the sample is orientated so that the ion beam hits the sample down 
a crystal channel. GaAs based alloys are all zinc blende structures and the <100>, <101> and 
<111> directions are used. Using Miller indices the <100> direction relates to the [100],  [1̅00], 
[010], [01̅0], [001] and [001̅] symmetrical directions in the crystal lattice. The <101> direction 
relates to the [110], [1̅10], [1̅10], [ 1̅1̅0], [101], [ 1̅01], [101̅], [1̅01̅], [011], [01̅1], [011̅], [01̅1̅]. 
The <111> direction relates to the [111], [1̅11], [11̅1], [111̅], [1̅1̅1], [1̅11̅], [11̅1̅], [1̅1̅1̅].  The 
<100> direction of a zinc blende structure is perpendicular to the sample normal, so it is the 
simplest to find. Stereographic projection was used to find the locations of the other crystal 
channels, the <110> had θ=45° from the <100> and the <111> had θ=54.7°. The goniometer was 
tilted in θ by this amount, followed by twisting in ω until channelling was visible. The goniometer 
was then moved between 1-1.5° in φ from the channel position either side the collect spectra 
around the channel.  
Having the ion beam hitting a sample down a crystal channel instead of randomly 
orientated, shows the quality of the crystal by how much the peaks reduce in intensity with the 
lower the peak relative to the random angle the better the crystal quality, due to less defects 
blocking the channel. 
The spectra for each angle was then analysed by integrating the various elemental peaks. 
For the bismide layers, the elemental peaks were split into three, to give a rough idea of the layer 
quality throughout the layer, as shown in Figure 4-8. These integrals were then normalised and 
plotted against the change in φ. 
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Figure 4-8: Example of how the integrals were split up for the elemental peaks in the channelling spectra. 
 
4.4 Experimental Results  
4.4.1 Random Angle RBS 
4.4.1.1 MOVPE Grown III-V Semiconductors with Bi 
The GaAsBi/GaAs sample (17612) was the first sample to be studied as it was a ternary 
alloy, consisting of three elements compared to all the other quaternary alloy samples, containing 
four elements. This was thought to make the analysis of the RBS results easier and aid in 
understanding the quaternary alloys. 
The random angle results confirmed that there was a presence of bismuth in the structure of 
the sample, as shown by previous optical studies and X-ray diffraction (XRD) with a bismuth 
percentage of 3.7% [135] [136]. Figure 4-9 shows the random angle results, with the simulated fit 
from SIMNRA and the elemental contribution to the simulated fit. 
 
 
Figure 4-9: Random angle spectra’s for sample 17612, GaAsBi/GaAs, showing both the experimental and simulated 
result, along with the elemental contributions.  
 
The simulated fit matches the experimental result well, with only a slight inaccuracy on the 
edge of the arsenic contribution. From the simulation, the elemental percentages and thicknesses 
are shown in Table 10. The bismuth percentage from the random angle simulation is only 0.05% 
off of the XRD and previous study results and the thickness is identical. For this GaAs1-yBiy 
sample, y=3.6 with an error of 5% of the value. 
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Table 10: Elemental contributions and thicknesses from the RBS random angle data for GaAsBi/GaAs sample 17612. 
XRD predicted details shown for comparison.  
17612 RBS XRD 
Ga/% As/% Bi/% Thickness/nm Ga/% As/% Bi/% Thickness/nm 
GaAsBi 50 48.2 1.8 60 50 48.15 1.85 60 
GaAs 
Buffer 
50 50  250 50 50  250 
GaAs 
substrate 
50 50 0  50 50 0  
 
The next sample that was studied was 19030, due to the substrate being the same as the 
GaAsBi sample along with having such a small amount of indium, 0.369%, that it may just appear 
as a GaAsBi sample. The random angle scan showed the presence of bismuth as well as a spectrum 
very similar to the GaAsBi sample, with the main difference being a peak at the far edge of the 
arsenic contribution to the spectra as shown in Figure 4-10. This could be due to the random angle 
scan being taken with a small amount of channelling, causing near surface atoms to register a 
higher number of counts compared to the deeper atoms due to the surface atoms shadowing them. 
 
 
Figure 4-10: Random angle spectra’s for sample 19030, InGaAsBi/GaAs, showing both the experimental and simulated 
result, along with the elemental contributions.  
 
The simulated fit for the bismuth peak and the edge of the arsenic fit well, so this most 
likely confirms that the random angle scan was taken with the ion beam slightly aligned with a 
crystal channel in the sample. From the simulated fit, the elemental percentages and thicknesses for 
the sample were calculated, as shown in Table 11. Again the RBS bismuth percentage is similar to 
the XRD value, being only 0.18% higher, but did have the same thickness for the sample layer. The 
indium content was negated for the simulation as it was too small to be picked up by RBS, as the 
pile up and noise in the spectra was greater than a 0.36% indium peak. This means that there was 
no way of proving the presence of indium in the structure. Therefore to make the simulation easier, 
the sample was counted as GaAsBi, even though adding the amount of indium suggested by XRD, 
the simulation showed no noticeable effect. For this InxGa1-xAs1-yBiy sample, x=0 and y=4 with an 
error of 5% of the value 
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Table 11: Elemental contributions and thicknesses from the RBS random angle data for InGaAsBi/GaAs sample 19030. 
XRD predicted details shown for comparison.  
19030 RBS XRD 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
InGaAsBi 0 50 48 2 17.5 0.18 49.8 48.2 1.82 17.5 
GaAs 0 50 50 0 250 0 50 50 0 250 
GaAs 
substrate 
0 50 50 0  0 50 50 0  
 
The final MOVPE grown sample that was studied was 19046, which was different to the 
previous sample due to a large increase in indium so that it was lattice matched to the substrate 
which was InP, with 53% In giving a lattice match for InGaAs. From the random angle scan there 
was no visible bismuth peak, which suggests there was no bismuth within the sample, as shown in 
Figure 4-11. This aligns to the PL result which showed the sample had a shift in bandgap, but a 
narrower peak than expected for bismuth doping, indicating this shift is more likely due to an 
increase in indium rather than bismuth. The peak that was shown above channel 1800 is the pulser 
which is a constant height electronic signal from the detector which also shows the end of the data 
from the sample. 
 
 
Figure 4-11: Random angle spectra’s for sample 19046, InGaAsBi/InP, showing both the experimental and simulated 
result, along with the elemental contributions. 
 
The experimental spectra and the simulated fit very closely, but there is no bismuth related 
peak visible. This means that even though there was a shift in PL that could be caused by bismuth, 
it is confirmed to be from an increase in indium in the sample as both have a similar effect, as 
shown by Figure 4-12 [5]. 
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Figure 4-12: Predicted band gap for InGaAsBi/InP at 300 K. The spin-orbit splitting energy for InGaAsBi alloys is also 
shown. The shaded region shows where ∆𝑺𝑶≥ 𝑬𝒈 for up to 60% In. [5]. 
 
Using this, the simulated fit for the elemental percentages and thicknesses for the sample 
were calculated, as shown in Table 12. To get the simulated fit to correspond with the experimental 
data, the indium percentage was 7% higher than the InP lattice matching amount. This is similar to 
the value for the bandgap shift shown by the PL spectra, assuming no bismuth content, of 58% 
indium. For this InxGa1-xAs1-yBiy sample, x=60 with an error of only 1% of the value due to having 
no bismuth to match and y=0. 
 
Table 12: Elemental contributions and thicknesses from the RBS random angle data for InGaAsBi/InP sample 19046. 
XRD predicted details shown for comparison.  
19046 RBS PL 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
InGaAsBi 30 15.5 50 0 51.4 26.5 23.5 50-
49.5 
0-1 54 
InP 50 0 0 0 300 50 0 0 0 300 
InP substrate 50 0 0 0  50 0 0 0  
 
Examining the area of the RBS experimental data where a bismuth peak would occur 
shows no visible peak over the pile up in this region. From simulating different percentages of 
bismuth, it was found that 0.6% bismuth is the lowest amount required in this sample to pick up the 
peak, as shown in Figure 4-13.  
 
 
Figure 4-13: In depth look at RBS random angle scan for InGaAsBi/InP sample 19046 showing that where there would 
be a bismuth contribution shown in the data there is no obvious peak over the pile up. Also shown is a 0.6% bismuth 
simulated curve with the experimental data. 
 
B19046.dat
Simulated
P 
Ga
As
In
Bi
Channel
1,8001,7001,6001,5001,4001,3001,2001,1001,0009008007006005004003002001000
C
o
u
n
ts
3,400
3,200
3,000
2,800
2,600
2,400
2,200
2,000
1,800
1,600
1,400
1,200
1,000
800
600
400
200
0
500 1000 1500 2000 2500 3000 3500
Energy [keV]In
0.6% Bi 
simulated 
curve 
Chapter 4 – RBS Study For III-V Semiconductors with Bismuth 
63 
 
Therefore the sample may still have a bismuth content below 0.6%, which would be in line 
with the PL spectra, but it is still unlikely that there is any significant contribution from bismuth in 
the sample. This is due to the PL peak still being narrow when compared to the usual effects 
bismuth has, as well as having to increase the amount of indium in the simulated fit to make it fit 
the experimental data. The likely reason for bismuth not incorporating in to the layer would be the 
higher growth temperature of 450°C, compared to the 400°C growth in the other MOVPE grown 
samples and this higher temperature will have caused the bismuth to diffuse out of the layer [116]. 
 
4.4.1.2 MBE Grown III-V Semiconductors with Bi 
The MBE grown sample were looked at next, firstly concentrating on the InGaAs capped 
InGaAsBi samples on InP. This includes sample M4807 which is suspected of having heavy 
defects from the PL as well as having no bismuth from the XRD.  
The random angle scan, shown in Figure 4-14, shows the presence of bismuth in both 
samples, even though XRD predicted no bismuth in M4807. All the experimental spectra have a 
similar shape with only the bismuth peaks changing in size, which will be due to the samples all 
having the same composition and thicknesses apart from bismuth percentage. Unlike the MOVPE 
grown InGaAsBi samples, there is no unknown peak at the far edge of the main peak, meaning the 
samples are completely randomly orientated, as well as the ion beam only hitting the sample. Also 
with the bismide layers being thicker than the MOVPE grown samples, the elemental contribution 
peaks were wider so more detail can be seen with the quality of the crystal throughout the layer. 
Due to having more of this material, larger pieces of the wafer were used to ensure the ion beam 
does not clip the edge of the sample. 
 
 
Figure 4-14: Random angle spectra’s for MBE grown InGaAs capped InGaAsBi/InP samples showing both the 
experimental and simulated result, along with the elemental contributions. (a) shows sample M4807 and (b) shows 
sample M4810. 
 
For M4810, the bismuth peak is fitted well, but the rest of the sample doesn’t have as good 
a fit, potentially again indicating from the shape of the indium peak that the scan was not fully 
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randomly orientated. The bismuth peak is just about separated from the indium in the capped layer 
of the samples, meaning 4 MeV was definitely required for these samples more than the previous 
where there is more of a gap between the indium and bismuth contributions to the spectra due to 
those samples having no capped layer. From the simulated fit, the elemental percentages and 
thicknesses for the samples were calculated, as shown in Table 13 and Table 14 with an error of 
5% of the expected value. For M4807 the amount of bismuth is closer to the 0.95% bismuth 
attempted growth rather than the 0% suggested from XRD, but incredibly close to the 0.9% 
bismuth prediction from PL. This means that the growth of the sample was not good, further shown 
by the PL spectra with the large defect state. Also, the thicknesses of the layers are off from the 
expected, which again could be due to bad growth, producing incorrect layers, which could show 
that the layers are non-uniform potentially due to the different growth temperatures. The capped 
layers grown at 500°C could have caused the bismuth the diffuse partially into these layers causing 
an inaccuracy with the layer thicknesses. Further to this from the M4807 samples very strong low 
temperature broad PL peaks, this indicates the presence of localised states. This could be from the 
possibility of recombination via defect related traps either in the InGaAsBi layer itself [118] or the 
initial low temperature grown part of the InGaAs cap layer, which would usually cause relatively 
weak PL intensity due to the longer lifetime of trapped carriers. 
M4810 was predicted as having 2 layers in the InGaAsBi part of the sample with larger 
bismuth content nearer the buffer interface. RBS disagrees with this and from the simulated fit 
shows that the bismuth is more evenly distributed through the layer. M4810 has bismuth 
percentages slightly higher than the XRD percentages, but are closer to the PL predicted 
percentages. This could suggest atoms not situated in lattice sites, with XRD unable to measure 
these. The thicknesses again are lower than expected but are not significant amounts off. This may 
be due to the simulated fit showing the indium content being 3% higher than an exact lattice match 
with InP, which will induce a higher amount of strain. Due to this, it could have caused the bismuth 
to diffuse into the capped layer, along with the higher growth temperature for the capped layer and 
with this sample having higher bismuth content. This may have caused an annealing effect and be 
the reason for some of the bismuth to diffuse into the capped layer for this sample. The buffer 
layers for all the capped samples are smaller as well, potentially indicating bismuth incorporation 
with the buffer around the buffer interface again due to an annealing effect from the higher 
temperature growth of the capped layer. This has been previously observed with GaAsBi samples, 
with annealing causing bismuth diffusion throughout the layer [116]. This was not observed in the 
MOVPE grown sample with an InP buffer as it would be a lot harder for the bismuth to incorporate 
with this layer. For M4807, the InxGa1-xAs1-yBiy has x=52 and y=1.2 and M4810 has x=53 and 
y=3.2. All values have an error of 5% of the expected value. 
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Table 13: Elemental contributions and thicknesses from the RBS random angle data for InGaAs capped InGaAsBi/InP 
sample M4807. XRD predicted details shown for comparison.  
M4807 RBS XRD 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
InGaAs 26 24 50  74 26.5 23.5 50  100 
InGaAsBi 26 24 49.4 0.6 114 26.5 23.5 50 0 100 
InGaAs 26 24 50  139 26.5 23.5 50  200 
InP substrate           
 
Table 14: Elemental contributions and thicknesses from the RBS random angle data for InGaAs capped InGaAsBi/InP 
sample M4810. XRD predicted details shown for comparison. 
M4810 RBS XRD 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
InGaAs 26.5 23.5 50  73 26.5 23.5 50  100 
InGaAsBi 26.5 23.5 48.4 1.6 88 27 23 49.05 0.95 35 
InGaAsBi      27 23 48.55 1.45 55 
InGaAs 26 24 50  155 26.5 23.5 50  200 
InP substrate           
 
The uncapped InGaAsBi had similar structure, with M4819 having a higher bismuth 
content when compared to M4821. These samples were used to compare with the capped versions 
to see if having a capped layer helps with growth. The random angle scan shows the presence of 
bismuth in all the samples with all the experimental spectra having a similar shape, with only the 
bismuth peaks changing in size. The random angle spectra for the two uncapped samples are shown 
in Figure 4-15. Again, unlike the MOVPE grown InGaAsBi samples, there is no unknown peak at 
the far edge of the main peak, meaning the samples are completely randomly orientated as well as 
the ion beam only hitting the sample. Due to having more of this material, larger pieces of the 
wafer were used to help this. 
 
 
Figure 4-15: Random angle spectra’s for MBE grown uncapped InGaAsBi/InP samples showing both the experimental 
and simulated result, along with the elemental contributions. (a) shows sample M4819 and (b) shows M4821. 
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The simulated fits are near perfect fits for both uncapped samples. The bismuth peak has a 
further separation from the indium portion due to having no capped layer, but 4 MeV was still used 
to have a direct comparison for all the samples. The simulated fit was used to find the elemental 
percentages and thicknesses for the samples, as shown Table 15 and Table 16 in with an error of 
5% of the expected value. For both samples, the amount of bismuth is very close to the XRD 
prediction, with M4819 being 0.15% lower and M4821 being 0.1% higher. These are off from the 
PL predictions, but that could be due to the lack of signal even at the lowest temperature, along 
with the potential low energy defects present in both PL. Further to this it potentially shows that the 
origin of these PL peaks relates to localised states and poor material quality. With both samples 
there seems to be slight integration of bismuth in the buffer layer again as the buffer thickness is 
smaller than expected, but the bismide layer is larger. For M4819, the InxGa1-xAs1-yBiy has x=53 
and y=3.2. M4821 has x=53 and y=2.3. All values have an error of 5% of the expected value. 
 
Table 15: Elemental contributions and thicknesses from the RBS random angle data for uncapped InGaAsBi/InP sample 
M4819. XRD predicted details shown for comparison. 
M4819 RBS XRD 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
InGaAsBi 26.5 23.5 48.4 1.6 98 27 23 48.25 1.75 93 
InGaAs 26.5 23.5 50  184 26.5 23.5 50  200 
InP substrate           
 
Table 16: Elemental contributions and thicknesses from the RBS random angle data for uncapped InGaAsBi/InP sample 
M4821. XRD predicted details shown for comparison. 
M4821 RBS XRD 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
In 
/% 
Ga 
/% 
As 
/% 
Bi 
/% 
Thickness 
/nm 
InGaAsBi 26.5 23.5 48.3
5 
1.15 125 27 23 48.95 1.05 100 
InGaAs 26.5 23.5 50  151 26.5 23.5 50  200 
InP substrate           
 
With the bismuth peak fully separate for all the MBE grown samples, the bismuth 
distributions in the InGaAsBi layers were compared, as shown in Figure 4-16. This gave a qualitive 
description of the bismuth distribution by considering the bismuth peak shapes. The widths of the 
peaks should all be the same with just the heights changing due to the bismuth content, as the 
InGaAsBi layers are all roughly the same thickness. The capped samples bismuth peak position 
will be at lower channel numbers (energies) compared to the uncapped samples because of the 
extra energy loss of the ion beam from the cap layers. The shape of the bismuth peak in M4807 was 
more peaked to the lower energies, than all the other samples, whose shapes are more homogenous 
in distribution. This was most likely due to the higher InGaAsBi layer deposition temperature in 
this sample of 370°C vs 310°C for the others. 
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Figure 4-16: Comparison of the bismuth peak in the random angle RBS experimental spectra for the MBE grown 
samples. Asymmetry in the bismuth peak may suggest uneven bismuth distribution.  
 
Comparing MOVPE and MBE growth the MOVPE grown GaAsBi/GaAs sample has 
contained the bismuth better than the uncapped MBE grown InGaAsBi/InP sample along with the 
uncapped MBE grown InGaAsBi/InP samples. This could be due to this sample being a ternary 
alloy compared to all the others being quaternary, making bismuth incorporation easier. Comparing 
to the MOVPE grown InGaAsBi/InP sample, MBE growth of the same material was able to 
incorporate more bismuth, mainly due to the significantly lower growth temperature causing less 
bismuth diffusion. 
4.4.2 Channelling Study 
Aligning the ion beam to channels in the samples will allow a further understanding of how 
the atoms in the bismide layer are arranged and whether they are substitutional or in a defect site, 
be that an interstitial or anti-site defect [109]. Along with this, any nanometre sized bismuth cluster 
or surface puddles may be detected, along with highly strained areas from the defects [111]. 
For the channelling study, detector B was primarily utilised due to the greater depth 
resolution, meaning peaks are wider with better energy resolution and therefore showed more detail 
of the quality of the bismide layer throughout the layer. Detector A followed detector B results but 
didn’t show as much detail in the channelling dips as predicted. The channels in the zinc blende 
structures that were observed were the <100>, <110> and <111>. Each channel provides different 
information, with the <110> direction being the best for showing the presence of interstitials due to 
both the tetrahedral and hexagonal interstitials not being shadowed by the substitutional sites along 
with being a larger channel than the other two, as shown in Figure 4-17. When the III-V alloy 
layers are grown, it adds to the [001] plane with [100] being equivalent due to being in the same 
family and showing the same information. The [110] plane is the direction the alloy usually cleaves 
and shows interstitials more clearly than the other directions. The last direction, the [111], shows a 
similar amount of detail as [100] but due to all the atoms having bonds pointing in the same 
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direction, it has a higher symmetry. Figure 4-17 shows all of these planes for a zinc blende 
structure [137].   
 
 
Figure 4-17: Planes in a zinc blende crystal structure. (a) shows the (001), (b) shows the (110) and (c) shows the (111). 
Below shows the channel cross sections and where any interstitials would be located [138]. 
 
From the channelling dips created by tilting the ion beam about a channel direction, the 
crystal structure can be shown to have displacement along with interstitials, depending on the shape 
of the dips. Examples of the potential defects are shown in Figure 4-18.  
 
 
Figure 4-18: Channelling dips showing potential defects that could be present in the crystals [138]. 
 
4.4.2.1 MOVPE Grown III-V Semiconductors with Bi 
The GaAsBi/GaAs sample, 17612, was the first sample to be studied again due to it being a 
ternary alloy, consisting of three elements compared to all the other quaternary alloy samples, 
containing four elements. This was thought to aid with the analysis of the RBS channelling results, 
especially as this sample has been well studied previously and thought to have good homogeneity 
and crystalline structure.  
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The comparison of the non-aligned and aligned RBS spectra for 17612 is shown in Figure 
4-19. The non-aligned spectra do not match up fully, due to the 0° point being slightly off the χmin, 
minimum point of the channelling dip, meaning that the dip is not symmetrical around the 0° point. 
When aligned the Ion Yield reduces significantly by around 8 times for the edge of the arsenic 
peak, showing that the GaAsBi crystal was highly crystalline with a low chance of interstitials. 
 
 
Figure 4-19: Comparison of the channelling RBS spectra for sample 17612. The aligned direction is for the <100> and 
the random is for a tilt of 1° and -1° either side of the same channel along a fixed axis. 
 
Further to this, it was useful to examine the channelling dips for the elements in the 
bismide layer (i) near the buffer, (ii) in the middle and (iii) near the surface as shown in Figure 
4-20. In general the bismuth signal throughout the bismide layer has a similar channelling 
behaviour to the gallium and arsenic atoms. This showed that the bismuth has been substitutionally 
incorporated into the lattice structure. The bismuth dip becomes shallower towards the surface of 
the bismide layer, with a ripple occurring in the dip, which could suggest bismuth interstitials. 
However, this was unlikely due to the amount of energy required to form bismuth interstitials. 
From previously reported studies on GaPBiN, the bismuth initial forming interstitials from the 
growth undergoes strain driven diffusion, causing strain non-uniformity and bismuth diffusion in 
the growth direction [139]. The arsenic channelling dip was slightly affected by the bismuth, due to 
being on the same sites, with gallium being unaffected and having good homogeneity throughout 
the layer, as shown by Table 17 detailing the FWHM and χmin of the dips. Moving through the layer 
from the buffer to the surface, the arsenic and bismuth atoms in the layer become further displaced 
with the χmin increasing along with the FWHM. The gallium atoms seem to be unaffected with all 
the dips being very similar. This showed that any defects are more related to the arsenic sites and 
any bismuth replacing the arsenic occurs at these sites. The arsenic channelling dip for the middle 
to the surface had a small ripple in the bottom of the dip, which while unlikely to indicate 
interstitials, could suggest that there are arsenic anti-sites in the crystal structure [109]. The bismuth 
channelling dips over the same area of the layer had a significantly larger ripple, which as 
previously mentioned, was unlikely to be interstitials, due to the large atom size. The ripple could 
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show the presence of nanometre sized bismuth clusters or puddles on the surface, with the 
channelling dip worsening near the surface, indicating any bismuth clustering was occurring nearer 
the surface of the bismide layer [116]. To further support this the paper on the growth of this 
sample showed smaller than 1 µm droplet formation on the surface using a scanning electron 
microscope (SEM) [135]. 
 
 
Figure 4-20: Channelling RBS dips for sample 17612 in the <100> direction. On the left is the dip relating to bismide 
layer nearer the buffer, in the centre is the dip relating to the middle of the bismide layer and on the right is the dip 
relating to the bismide layer nearer to the surface. 
 
Table 17: Table showing the FWHM and χmin for the <100> direction channelling dip for sample 17612. 
17612 Near Buffer Middle Near Surface 
Element FWHM χmin FWHM χmin FWHM χmin 
Bi 0.38 0.27 0.4 0.52 0.47 0.65 
As 0.5 0.2 0.51 0.27 0.56 0.36 
Ga 0.42 0.22 0.45 0.23 0.48 0.24 
 
The InGaAsBi/GaAs sample (19030) was studied next, due to it being close to a ternary 
alloy, due to the insignificant amount of indium in the sample that even RBS could not show. This 
sample had a much smaller bismide layer thickness, meaning the bismuth RBS peak was a lot 
smaller which could disguise some of the detail in the channelling dip. 
The comparison of the non-aligned and aligned RBS spectra for 19030 is shown in Figure 
4-21. The non-aligned spectra match up well indicting the χmin will be closer to the 0°, meaning the 
symmetry of the dip will be easier to observe. When aligned, the Ion Yield reduced significantly by 
around 11 times for the edge of the arsenic peak, showing that the InGaAsBi crystal is highly 
crystalline with a low chance of interstitials, similar to 17612. 
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Figure 4-21: Comparison of the channelling RBS spectra for sample 19030. The aligned direction is for the <100> and 
the random is for a tilt of 1° and -1° either side of the same channel along a fixed axis. 
 
The channelling dips for the elements in the bismide layer split between (i) near the buffer, 
(ii) in the middle and (iii) near the surface are shown in Figure 4-22. Again generally the bismuth 
signal throughout the bismide layer had a similar channelling behaviour to the gallium and arsenic 
atoms. This showed that the bismuth has been substitutionally incorporated into the lattice 
structure. Table 18 details the FWHM and χmin of the dips. Moving through the layer from the 
buffer to the surface, the arsenic and bismuth atoms in the layer do not become further displaced 
like with 17612. The gallium atoms seemed to be unaffected with all the dips being very similar for 
this atom. This again showed that any defects are more related to the arsenic sites and any bismuth 
replacing the arsenic at these sites. The arsenic channelling dip becomes more displaced with a 
larger χmin compared to nearer the buffer, but there are no peaks in the dip, so this was likely due to 
the bond lengths changing due to the bismuth incorporation. The bismuth channelling dip for the 
middle of the bismide layer showed a significant displacement and ripple in the dip, much more 
than any seen in 17612. The ripple could indicate the presence of nanometre sized bismuth clusters 
in the layer, with these defects being more prevalent than in 17612. This could be due to the 
smaller layer thickness layer not enabling a consistent growth and not fully relaxing, especially 
with the inclusion of Indium causing more strain in the layer compared to the GaAs substrate.  
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Figure 4-22: Channelling RBS dips for sample 19030 in the <100> direction. On the left is the dip relating to bismide 
layer nearer the buffer, in the centre is the dip relating to the middle of the bismide layer and on the right is the dip 
relating to the bismide layer nearer to the surface.  
 
Table 18: Table showing the FWHM and χmin for the <100> direction channelling dip for sample 19030. 
19030 Near Buffer Middle Near Surface 
Element FWHM χmin FWHM χmin FWHM χmin 
Bi 0.62 0.46 0.78 0.64 0.64 0.43 
As 0.82 0.14 0.86 0.21 0.83 0.19 
Ga 0.77 0.12 0.8 0.12 0.83 0.14 
 
The last MOVPE grown sample looked at was the InGaAsBi/InP sample (19046). This 
sample had a similar bismide layer thickness to 17612 and an inclusion of indium like 19030, but 
with a thicker layer and an easier to lattice match substrate. Also due to the lack of bismuth present 
in the sample, the bismide layer will act like an InGaAs ternary layer. 
The comparison of the non-aligned and aligned RBS spectra for 19046 is shown in Figure 
4-23. The non-aligned spectra match up well, indicating that the χmin will be closer to the 0°, 
meaning the symmetry of the dip will be easier to observe again. When aligned the Ion Yield 
reduces only by around two times for the arsenic and gallium peak, showing that the InGaAsBi 
crystal is still highly crystalline with a low chance of interstitials, but may not be as crystalline as 
the other MOVPE grown samples, most likely due to the higher amount of indium incorporated 
into the crystal structure with a larger atom size compared to gallium which it shares its site in the 
crystal lattice with. 
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Figure 4-23: Comparison of the channelling RBS spectra for sample 19046. The aligned direction is for the <100> and 
the random is for a tilt of 1° and -1° either side of the same channel along a fixed axis. 
 
The channelling dips for the elements in the bismide layer (i) near the buffer, (ii) in the 
middle and (iii) near the surface are shown in Figure 4-24. With no visible bismuth peak, the 
indium, gallium and arsenic in the bismide layer were considered. All the elements had produced 
good symmetrical channelling dips with no additional peaks. Therefore, despite the bismuth 
seemingly diffusing out of the sample, the overall crystal structure was still highly crystalline and 
showed no visible defects in the channelling dips. This was likely due to the higher growth 
temperature, which despite causing problems with adding bismuth will produce an InGaAs layer 
with higher homogeneity due to annealing effects. The highly crystalline layer was confirmed by 
the PL spectra, as this sample had a significantly stronger signal than the other InGaAsBi samples 
grown by MBE. Table 19 details the FWHM and χmin of the dips. The indium in the bismide layer 
had a smaller χmin compared to the arsenic and gallium due to its larger atom aiding the helium ions 
in channelling and also showed that the indium atoms have substitutionally incorporated into the 
lattice structure. All the elements had a consistent FWHM and χmin throughout the layer showing 
that there was good homogeneity for the whole layer. The arsenic and gallium had a larger χmin than 
indium due to the smaller atom size, along with the peaks being combined with the indium in the 
substrate which will disguise some of the detail. For this sample, gallium had the larger χmin, unlike 
the other two MOVPE grown samples, which was likely due to indium sharing the gallium sites 
and changing the bond lengths, along with arsenic not sharing its sites in the lattice with another 
element.  
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Figure 4-24: Channelling RBS dips for sample 19046 in the <100> direction. On the left is the dip relating to bismide 
layer nearer the buffer, in the centre is the dip relating to the middle of the bismide layer and on the right is the dip 
relating to the bismide layer nearer to the surface.  
 
Table 19: Table showing the FWHM and χmin for the <100> direction channelling dip for sample 19046. 
19046 Near Buffer Middle Near Surface 
Element FWHM χmin FWHM χmin FWHM χmin 
In 0.54 0.3 0.56 0.29 0.58 0.27 
As 0.42 0.51 0.49 0.5 0.5 0.47 
Ga 0.49 0.61 0.52 0.56 0.51 0.54 
 
4.4.2.2  MBE Grown III-V Semiconductors with Bi 
With the MBE grown InGaAsBi/InP samples, the two samples with InGaAs capped layers, 
M4807 and M4810 were studied first. Again for the entire MBE grown samples detector B was 
focussed on due to the higher depth resolution. The capped layer will obscure the bismide layer 
especially if there is any strain between the layers, as the beam will be aligned with the capped 
layer, which should be the same alignment as the substrate and buffer layer due to the lattice 
matching. The comparison of the non-aligned and aligned RBS spectra for the MBE grown capped 
samples is shown in Figure 4-25. Both M4807 and M4810 non-aligned spectra matched up well, 
meaning that the channelling dips should be symmetrical around the 0° point. When M4807 was 
aligned, the Ion Yield reduces only slightly by 1.4 times for the arsenic and gallium peak, with 
M4810 reducing by 2.2 times. The reason for the poor channelling in M4807 was most likely due 
to the defects that were highlighted in the PL spectra, possibly indicating there was a higher chance 
of interstitials. M4810 had a similar reduction in ion yield when aligned as MOVPE grown 19046 
which was the same type of alloy and substrate. 
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Figure 4-25: Comparison of the channelling RBS spectra. (a) shows sample M4807 and (b) shows sample M4810. The 
aligned direction is for the <100> and the random is for a tilt of 1° and -1° either side of the same channel along a fixed 
axis. 
 
For both capped MBE grown samples, the channelling dips for the elements in the bismide 
layer split between near the buffer, in the middle and near the surface are shown in Figure 4-26. For 
these samples, the gallium and arsenic peaks overlap a lot more than the MOVPE grown samples, 
so both elements will be grouped together. M4807 had a peak in the dips for all the elements with a 
possible steering effect, showing a shift in position compared to the indium in the substrate. The 
indium in the capped layer had the peak as well but it was smaller compared to the indium in the 
bismide layer, which could suggest that the layer boundary is not well defined, due to bismuth 
strain driven diffusion. This suggested that the bismide layer was highly strained with regards to 
the substrate and the near lattice matched buffer and capped layers [140] [141] [142]. The strain in 
the bismide layer was likely due to there being minimal bismuth on the crystal sites as suggested by 
XRD, with the bismuth forming clusters or droplets in the layer similar to previously studied 
GaAsBi samples [111] [143]. Especially with the higher growth temperature for the bismide layer 
causing more defects [144]. Other effects causing strain could be due to anti-site bonds, as have 
been present in GaAsBi [145] [109] [146]. This showed there are several defects throughout the 
crystal structure, with PL confirming the presence of defects with large defect peaks shown in 
Chapter 3. All of this was most likely due to the high growth temperature for MBE growth, along 
with the capped layer growth keeping the bismide layer highly strained and the defects present. 
There was also a possible steering effect, which is when the channelling dip is interrupted by a 
waveform like pattern on one side [140] [141]. This effect was present in all the elements in the 
InGaAsBi layer, with the second minima not present in the substrate. This second minima is often 
associated with strain [140] [141] [142] or defects. Strain is usually shown in other channelling 
directions to along the growth direction, therefore this may be associated with stacking fault related 
defects as have been observed in metallic alloys [147] [148] and predicted for III-nitrides [149] 
[150].  
M4810 did not have the same features present and showed that all of the elements had a 
similar channelling behaviour, with no visible peaks in the channelling dips throughout the layers. 
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This showed that the bismuth has been substitutionally incorporated into the lattice structure, which 
will be due to the lower growth temperature compared to M4807. Along with this, the bismuth has 
stayed in the substitutional sites, unlike the MOVPE grown samples, which was more than likely 
due to the presence of the capped layer containing the bismuth, even with some bismuth diffusion 
into the buffer and capped layer, as well as the significantly higher capped layer growth 
temperature which had an annealing effect on the bismide layer.  
Details of the FWHM and χmin of the channelling dips for the MBE grown capped samples 
is shown in Table 20. For all the samples, there was hardly any change in the FWHM and χmin 
throughout the layers. This was likely due to the capped layer preventing defects forming as much, 
even with larger quantities of bismuth present. The higher growth temperature in M4807 though 
has affected this with the FWHM for bismuth changing drastically mainly due to the steering 
effects. The channelling dips for bismuth had a larger χmin compared to indium, despite being the 
larger atom and causing the ion to channel more, potentially due to the bismuth doping 
significantly affecting the bond length and causing displacement in the crystal due to this. 
 
 
 
Figure 4-26: Channelling RBS dips for the MBE grown capped InGaAsBi samples in the <100> direction. (a) shows 
sample M4807 and  (b) shows sample M4810. On the left is the dip relating to bismide layer nearer the buffer, in the 
centre is the dip relating to the middle of the bismide layer and on the right is the dip relating to the bismide layer nearer 
to the surface. 
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Table 20: Table showing the FWHM and χmin for the <100> direction channelling dip for the MBE grown InGaAs 
capped InGaAsBi/InP samples. 
  Near Buffer Middle Near Surface 
 Element FWHM χmin FWHM χmin FWHM χmin 
M
4
8
0
7
 Bi 0.41 0.42 0.24 0.45 0.23 0.38 
In 0.56 0.36 0.57 0.36 0.59 0.34 
As+Ga 0.49 0.46 0.48 0.44 0.48 0.44 
M
4
8
1
0
 Bi 0.48 0.35 0.48 0.35 0.49 0.39 
In 0.61 0.21 0.64 0.17 0.69 0.15 
As+Ga 0.5 0.36 0.52 0.35 0.52 0.33 
 
The two uncapped MBE grown InGaAsBi/InP samples, M4819 and M4821 had a 
channelling study carried out on further directions and not just <100>. This was due to the samples 
not having a capped layer, which will disguise the channelling results for the bismide layer, 
especially if there was strain between the two which would potentially shadow anything out of the 
lattice sites. Along with the <100> direction studied with all the other samples, the <110> and 
<111> directions were also studied. The comparison of the non-aligned and aligned RBS spectra 
for the MBE grown uncapped samples is shown in Figure 4-27. The non-aligned spectra for M4819 
matched up well, meaning that the channelling dips should be symmetrical around the 0° point. The 
non-aligned spectra for M4821 did not match well due to the 0° point being slightly off the χmin, the 
lowest point of the channelling dip, meaning that the dip is not symmetrical around the 0° point. 
When M4819 was aligned, the Ion Yield reduces by 1.5 times for the arsenic and gallium peak. 
This was lower than both the MBE grown capped samples and the MOVPE grown samples, most 
likely due to the higher bismuth percentage in the bismide layer as well as a more defective 
InGaAsBi layer, causing helium ion beam scattering such that the channelling in the layer was 
reduced. Unlike M4819, M4821 which had lower bismuth content had a reduction of 2.8 times for 
the aligned Ion Yield for the arsenic and gallium peak, which was higher than the other 
InGaAsBi/InP samples regardless of growth method.  
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Figure 4-27: Comparison of the channelling RBS spectra. (a) shows sample M4819 and (b) shows sample M4821. The 
aligned direction is for the <100> and the random is for a tilt of 1° and -1° either side of the same channel along a fixed 
axis. 
For the uncapped MBE grown sample with the higher bismuth content, M4819, the 
channelling dips in the three directions for the elements in the bismide layer (i) near the buffer, (ii) 
in the middle and (iii) near the surface are shown in Figure 4-28. Similar to the capped MBE grown 
samples, the gallium and arsenic peaks overlapped a lot more than the MOVPE grown samples so 
both elements were grouped together. In the <100>, <110> and <111> channels the dips were a lot 
shallower than the capped MBE grown samples. The <110> channelling dips showed a ripple for 
the bismuth dip throughout the layer, along with a potential steering effect present in the bismuth 
and indium dips. This was not present in the arsenic and gallium dips, but any steering effect could 
be disguised by the position the integral was taken from on the RBS scan including the indium 
from the substrate. The <111> channelling dips showed a slight ripple in the bismuth dips but it 
was more difficult to see any steering effects. For only the <111> channel, there were problems 
with the detector for the -1.5 to -1.05° measurements, which have been highlighted in Figure 4-28, 
due to the electronic pulser having a higher strength than all the other points and changing the 
intensity of the RBS spectra. This was due to only these points having a three times larger run time, 
which includes both the lifetime when the ion beam was on and the dead time when the ion beam 
was idle. The lifetime will be the same, but due to a longer dead time the overall lifetime was 
increased, which was then taken into account when the RBS data was calculated. Unfortunately, 
this affected both detectors, so the same increase occurred at the same time in both. Luckily the dip 
was still clearly seen and unaffected by the problems with the measurement at those angles. The 
ripples in the bismuth dips showed that there was likely a presence of bismuth cluster or surface 
puddles in the sample along with the bismide layer being strained with regards to the buffer and 
substrate, most likely due to the increased bismuth content. This is similar to what has already been 
observed in GaAsBi [119] [151] [152] [153]. Overall all of the elements were substitutional in the 
lattice, but there were some defects in the sample causing the χmin to be a lot higher than it should 
have been meaning the quality of the crystal was not very high.  
Details of the FWHM and χmin of the channelling dips for the M4819 sample is shown in 
Table 21. For the <100> channel direction, the indium dips had χmin increase when moving towards 
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the surface, whereas the other elements stayed the same. The FWHM for all the elements 
throughout the layer only had minimal differences in this direction. Regarding the <110> channel 
direction, the same change in χmin occurred for only the indium dips, with the other elements 
unaffected throughout the layer. The FWHM for all the elements was larger than the <100> 
channel, due to the <110> channel being larger than the <100>. The <111> channel direction had a 
similar change the in χmin for indium dips, but this time the χmin for bismuth dips decreased possibly 
showing some relaxation in the crystal lattice when approaching the surface. This could have been 
due to bismuth clusters in the bismide layer, further proven by the FWHM for the <111> channel 
being larger than the <110> for bismuth and indium upon approaching the surface, which showed 
that there were some defects effecting the bond lengths.  
 
 
 
 
Figure 4-28: Channelling RBS dips for the M4819 sample. (a) shows the <100> channel, (b) shows the <110> direction 
and (c) shows the <111> direction. On the left is the dip relating to bismide layer nearer the buffer, in the centre is the 
dip relating to the middle of the bismide layer and on the right is the dip relating to the bismide layer nearer to the 
surface. The red rectangles show which data points were affected by the pulser changing strength. . 
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Table 21: Table showing the FWHM and χmin for the <100>, <110> and <111> direction channelling dips for sample 
M4819. 
  Near Buffer Middle Near Surface 
 Element FWHM χmin FWHM χmin FWHM χmin 
<
1
0
0
>
 Bi 0.33 0.65 0.38 0.65 0.3 0.67 
In 0.49 0.47 0.55 0.57 0.54 0.68 
As+Ga 0.43 0.73 0.44 0.74 0.46 0.77 
<
1
1
0
>
 Bi 1.48 0.68 1.36 0.66 1.78 0.61 
In 1.39 0.58 1.32 0.54 1.2 0.71 
As+Ga 1.34 0.83 1.22 0.77 1.26 0.79 
<
1
1
1
>
 Bi 0.82 0.81 1.14 0.76 1.31 0.72 
In 1.07 0.68 1.23 0.69 1.52 0.77 
As+Ga 0.96 0.92 1.01 0.92 1.06 0.89 
For the uncapped MBE grown sample with the lower bismuth content, M4821, the 
channelling dips in the three directions for the elements in the bismide layer split between (i) near 
the buffer, (ii) in the middle and (iii) near the surface are shown in Figure 4-29. Similar to the 
capped MBE grown samples the gallium and arsenic peaks overlapped a lot more than the MOVPE 
grown samples, so both elements were grouped together. In the <100>, <110> and <111> channels 
the dips were a lot deeper than the other uncapped MBE grown sample, due to the lower amount of 
bismuth in this sample. The <100> channelling dips showed a potential steering effect present in 
the bismuth and indium dips. This was not present in the arsenic and gallium dips but any steering 
effect could have been obscured by the position the integral was taken from on the RBS scan 
including the indium from the substrate. With the <110> channel there were problems with the 
detector, similar to the <111> channel for M4819, for the -1.35 to -1.05° and 0.6 to 1.5° 
measurements which have been highlighted in Figure 4-28, due to the electronic pulser having a 
higher strength than all the other points and changed the intensity of the RBS spectra, again due to 
the run time correction. Despite more points being affected this time, the dips for each element can 
still be seen when ignoring the affected points. The bismuth dips showed a steering effect which 
was not present in the other elements. The <111> channelling dips were different to the other 
directions in that there were no steering effects in any of the elements with the dips being highly 
symmetrical compared to the other channelling directions. M4821 overall shows less strain 
throughout the layers compared to M4819, due to the lower amount of bismuth in the bismide 
layer. It did have more strain than the two same growth temperature MBE grown capped InGaAsBi 
samples, likely due to the capped layers minimising the strain present in the bismide layers.  
Details of the FWHM and χmin of the channelling dips for the M4821 sample are shown in 
Table 22. For the <100> channel direction, the bismuth dips had χmin at its lowest in the middle of 
the layer, whereas the other elements stayed the same. The FWHM for indium and bismuth 
increased when moving towards the surface, with arsenic and gallium staying roughly the same. 
Regarding the <110> channel direction, the bismuth dips had χmin increase near the surface and the 
arsenic and gallium dips decrease near the surface with the indium dips staying the same. The 
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FWHM for indium and bismuth increased again when approaching the surface, with the arsenic 
and gallium decreasing. In the <111> channel direction the bismuth dips had χmin at its lowest in the 
middle of the layer, whereas the other elements stayed the same, similar to the <100> channel 
direction. This time the FWHM had minimal differences throughout the layer for all the elements. 
With the FWHM, the <111> channel was largest for bismuth, followed by the <110> and then the 
<100>, which differed to the other elements where the <110> channel was the largest, as it would 
be in a perfect crystal, followed by the <111> and then the <100>. This indicated that there must be 
some defect affecting the bond lengths again relating to bismuth as observed in M4819. 
 
 
 
 
Figure 4-29: Channelling RBS dips for the M4821 sample. (a) shows the<100> channel, (b) shows the <110> direction 
and (c) shows the <111> direction. On the left is the dip relating to bismide layer nearer the buffer, in the centre is the 
dip relating to the middle of the bismide layer and on the right is the dip relating to the bismide layer nearer to the 
surface. The red rectangles show which data points were affected by the pulser changing strength. . 
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Table 22: Table showing the FWHM and χmin for the <100>, <110> and <111> direction channelling dips for sample 
M4821. 
  Near Buffer Middle Near Surface 
 Element FWHM χmin FWHM χmin FWHM χmin 
<
1
0
0
>
 Bi 0.25 0.65 0.29 0.5 0.35 0.58 
In 0.39 0.28 0.46 0.28 0.48 0.31 
As+Ga 0.35 0.64 0.33 0.64 0.37 0.65 
<
1
1
0
>
 Bi 0.61 0.43 0.75 0.38 0.74 0.54 
In 1.05 0.28 1.05 0.22 1.23 0.31 
As+Ga 1.04 0.77 0.99 0.65 1.02 0.68 
<
1
1
1
>
 Bi 0.81 0.39 0.89 0.3 0.87 0.39 
In 1.09 0.29 0.98 0.22 1 0.29 
As+Ga 1.03 0.74 1.02 0.64 1.03 0.68 
 
From SEM images for both the MBE grown uncapped InGaAsBi/InP samples, shown in 
Figure 4-30, the surface quality of both can be seen. M4819 had a highly inhomogeneous surface 
with many defects, such as sub micrometre islands and droplets, unlike M4821 which was 
relatively homogeneous. This indicated the presence of droplets in the sample as previously 
reported for InGaAsBi [132] and observed in GaAsBi [154]. This links with the RBS channelling 
data and explains why there were so many defect related features with M4819, with the surface 
defects in the SEM images potentially showing the presence of the bismuth puddles that the 
channelling dips suggested, increasing the ion beam divergence. M4821 showed hardly any defect 
features, especially relating to the surface, with the SEM images supporting this with minimal 
visible defects on the surface of the sample. The capped layers could not be compared the same 
way with SEM, as the surface image will just show the quality of the capped InGaAs layer and not 
of the InGaAsBi layer below it. 
 
 
Figure 4-30: SEM images for the uncapped InGaAsBi samples. Scale = 2 µm. 
 
A comparison of all the samples that underwent the channelling study is shown in Table 
23. MOVPE growth produced high quality bismuth alloy layers compared to MBE growth, with 
fewer features to the channelling dips. MOVPE growth caused more bismuth strain driven 
M4821 M4819 M4821 M4819
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diffusion in the samples, with further features that suggested the formation of clusters and puddles, 
along with sample 19046 which had the bismuth diffuse out of the sample. This links with the PL 
study for the MOVPE grown samples, in the previous chapter, with the shift in PL not being broad 
enough for bismuth. With the confirmation that there was no bismuth in sample 19046, the PL shift 
would indicate 58% indium which was very close to the 60% indium from RBS. This could be 
caused by the higher temperatures required for MOVPE growth which will in turn cause more 
diffusion of bismuth. The MBE grown capped sample with growth temperature of 310°C, had a 
higher crystal quality than all of the other samples, including the MOVPE grown samples. This was 
due to the capped layer supressing defects and which had an annealing effect on the bismide layer, 
but due to the capped layer the bismuth could not diffuse out of the bismide layer. The capped layer 
also seemed to have supressed the bond length displacements for indium and gallium related sites, 
but not as much for the bismuth and arsenic related sites where the difference in atomic weight was 
greater between the two. This again links with the PL study from the previous chapter, with the 
capped samples having the highest intensity PL of all the MBE grown samples and still showed a 
PL signal at higher temperatures, compared to the uncapped samples. The capped sample grown at 
370°C, M4807, had a significant increase in the strain in the layer compared to the cap and 
substrate, with the higher temperature not helping bismuth incorporation. Along with this, the 
growth of the capped layer had most likely caused more strain in the bismide layer with the 
diffusion of bismuth. This matches the PL study with this sample containing large localised state or 
defect peaks. The MBE grown uncapped samples had lower quality crystals compared to all the 
others, apart from M4807, with the greater the bismuth content the lower the quality of the crystal 
and an increase in channelling features. The PL study for the uncapped samples showed that in 
comparison to the capped samples the PL intensity was significantly lower and the bismide layer 
peak too low to measure. This links with the RBS study confirming that the growth was of low 
quality. 
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Table 23: Comparison of all samples channelling dips for all elements present. Colours for each element are the same as 
the channelling dips for each sample. 
Growth 
method 
Sample 
In  
Channelling 
Features 
Ga Channelling 
Features 
As  
Channelling 
Features 
Bi  
Channelling 
Features 
M
O
V
P
E
 
17612 N/A 
None, good 
quality 
Small peak due 
to anti-sites 
Large ripple nearer 
surface due to 
clusters and puddles 
19030 N/A 
None, good 
quality 
Displacement 
due to bond 
length change 
Large ripple in 
middle due to 
clusters 
19046 
None, good 
quality 
Displacement 
due to bond 
length change 
Displacement 
due to bond 
length change 
N/A 
M
B
E
 
M4807 
Large steering 
due to highly 
strained layer 
Large steering due to highly 
strained layer 
 
Large steering due to 
highly strained layer 
M4810 
None, good 
quality 
Displacement due to bond length 
change 
 
Displacement due to 
bond length change 
M4819 
1. High 
displacement 
due to bond 
length change 
2. Low steering 
due to higher 
layer strain 
High displacement due to bond 
length change 
1. Ripple due to 
clusters and puddles 
2. High 
displacement due to 
bond length change 
3. Low steering due 
to higher layer strain 
M4821 
None, good 
quality 
Displacement due to bond length 
change 
Low steering due to 
higher layer strain 
 
4.4.3 Damage Study for III-V Semiconductors with Bi 
While RBS is supposed to be a relatively non-destructive technique, it is unusual to run the 
ion beam at such high energies and these levels have not been attempted with III-V alloys before. 
To see where it most likely to have been damaged by exposure to the beam, simulations were run 
using SRIM. Most likely all the damage will occur in the substrate as that was where the majority 
of the helium ions stop, with the chance of a backscattering event being minute. SRIM analysis was 
carried out to simulate one hundred thousand helium ions impacting a 100 nm InGaAsBi on InP 
sample with 200 nm InGaAs buffer on InP, which will be counted as amorphous by the software. 
This was simulated with ion beam energy of both 2 MeV and 4 MeV as shown in Figure 4-31. The 
majority of the collisions that would be damaging to the crystal lattice, i.e. vacancies, occur far into 
the substrate around 6 µm for 2 MeV and 15 µm for 4 MeV, with less peak energy lost for the 
4MeV beam with around 0.03 eV per vacancy collision, compared to around 0.039 eV per vacancy 
for the 2 MeV beam. The bismide layer had significantly fewer damaging collisions with hardly 
any difference in collision events between the 2 MeV and 4 MeV beams. 
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Figure 4-31: SRIM simulation for 2 MeV and 4 MeV He+ ion beam hitting a 100 nm InGaAsBi (5% Bi) with 200 nm 
InGaAs buffer on InP showing ion depth and damaging collision events. Left shows the ion cascades for both beam 
energies and the right shows the recoil distribution and energy lost through the material. 
 
The SRIM analysis for both 2 and 4 MeV ion beam energies showed that there was a 
difference in damaging events between the two, with 4 MeV causing less. This means that the RBS 
results using the 4 MeV beam had the lower impact with regards to damage on the sample from the 
2 MeV beam used in other studies. This links with previous studies on nuclear stopping with 
different ion beam energies, with 2 MeV being slightly higher than 4 MeV and with about 400 keV 
being the highest [155].  
Therefore, to check the stability of the devices with inclusion of bismuth and indium SRIM 
analysis was taken with beam energy of 400 keV. The samples used include both gallium and 
indium based III-Vs with the amount of bismuth varying from 0% to 100%. This was hoped to 
show that bismuth containing alloys are less sensitive to damage due to the large atom sizes and 
atomic weight, which if true would illustrate their potential for space based applications, for 
example radiation tolerant solar panels. Figure 4-32 shows the SRIM analysis for varying bismuth 
content in gallium and indium based III-Vs, with a He+ ion beam with energy of 400 keV for one 
hundred thousand ions. The indium based materials had a peak depth less than the gallium based 
materials as well as less energy lost, due to the higher atomic weight of indium compared to 
gallium. The increase of bismuth content caused the energy lost to decrease, indicating less damage 
events due to the higher atomic weight of bismuth. For gallium above 20% bismuth is required to 
see a significant reduction in damage due to the light weight gallium atoms, whereas with indium 
the reduction is more linear. Overall this shows that with the He+ ion beam indium was more stable 
than gallium as well as the greater the bismuth content the more stable. InBi was the significantly 
more stable alloy compared to GaAs which had more irreversible damage caused by the beam. 
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Figure 4-32: SRIM simulation for 400 keV He+ ion beam hitting Ga and In based III-Vs with varying Bi%, GaAs1-yBiy 
and InAs1-yBiy. Left shows the energy lost distribution through the samples and the right shows the integral of the energy 
lost in terms of amount of Bi in the samples. 
 
4.5 Summary 
Overall RBS has been shown to be a technique that is extremely beneficial to the 
understanding and characterisation of bismuth containing III-V alloys, especially when used in 
conjunction with the other characterisation techniques in Chapter 3, high resolution XRD and PL. 
The random angle study of the samples provided an accurate elemental and thickness composition 
for each sample. This was able to be linked to the XRD and PL approximations to further confirm 
the compositions, as well as explain any difference in the predictions from the two techniques. The 
channelling study showed insight into the causes of unexplained XRD and PL features, whether 
they be defect or strain related, along with highlighting any other defects that the other techniques 
are unable to show.  
The MOVPE growth method was shown to grow the most crystalline layers, but the 
growth temperature may need to be lowered to ensure bismuth incorporation and reduce strain 
driven diffusion. The effect lowering the temperature has on the crystallinity would need to be 
explored to find an ideal temperature for both bismuth incorporation and highly crystalline layers. 
The MBE samples showed a lower quality growth overall, but the quaternary structures had 
bismuth incorporation unlike MOVPE growth. The capped samples grown at 310°C had the more 
crystalline structure than the uncapped samples, with the capped layer seeming to aid this, despite 
what XRD indicated for the lattice. There was minimal diffusion of bismuth into the capped layer, 
but with a lower temperature growth for the cap this could be prevented.  
To improve the RBS study, the run time correction when the RBS spectra is taken should 
only include the life time with the beam on and not the dead time when it is idle. This did affect a 
small number of the channelling results, but the overall pattern was still able to be observed. 
Further to this a more detailed mapping of the channels could be obtained, as rotating the beam in 
one plane does not indicate where in the channel the measurement was taken. The measurement 
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could potentially have been taken across a smaller or larger width of each channel, depending on 
the cross section. To prevent this, the channel could be taken in 4 axis taking in to account the 
whole channel as previously reported for Mn in GaN [156] [141]. 
Further understanding of what was shown by the channelling dips is required. For this 
bismide alloy with little to no overlap for the elemental peaks would be ideal to be used as a basis 
for gallium and arsenic containing alloys. InAsBi would be the best for this, with all three elements 
able to be pushed away from the other, with the arsenic contribution clearly shown on top of the 
indium contribution, along with being a material of great interest for IR detection. Previous studies 
on InAsBi have used 0.9-1.3 MeV beam energies, but using higher than 3 MeV would push all the 
elements away from each other [157]. InAsBi could then be used to give further understanding into 
the growth of the bismuth containing alloy, with samples prepared using both MOVPE and MBE 
growth, different growth temperatures and different bismuth percentages.  
Another method that could help with the analysis of the channelling study is by using a 
Monte Carlo method to simulate channelling, with the software FLUX developed to carry this out 
[158]. FLUX counts the surrounding atoms as continuum strings along with taking into account 
impact parameter dependent electron interactions and thermal lattice vibrations [141]. From this the 
completely substitutional ideal crystal channelling dips can be calculated, which can then be 
compared with the experimental measurements to give further information about the crystal 
defects, such as interstitials and strain. This process would require a lot of exploration to be fully 
understood for bismuth containing alloys, therefore InAsBi again would be ideal as the simpler 
ternary alloy or to simplify the model even more, silicon doped with bismuth to observe bismuth 
distortions on the crystal. 
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Chapter 5 – Lead Sulphide Nanocrystal 
and C60 Fullerite Based Photodetectors 
5  
5.1 Aim 
The aim of this chapter was to fabricate and characterise a series of hybrid broadband 
photodetectors for their optical performance. The photodetectors will utilize lead sulphide (PbS) 
nanocrystals and buckminsterfullerene (C60) fullerite rods to produce photoconductors with a broad 
range of detection from the UV to the visible and near-IR spectrum that can be tuned by changing 
the size of the nanocrystal. The materials used in the devices were tested for their functionality and 
performance. Characterisation of the photodetectors included measurement of the current-voltage 
(I-V) characteristics and wavelength-dependent responsivity. With regards to the C60 fullerite rods, 
the growth was studied to find the optimum conditions for consistently long rod formation.  
The ratio between PbS to C60 in each photoconductor was adjusted, with the performance 
compared using the same characterisation methods. This enabled more accurate repeatability for 
the manufacture of the devices, while also maximising the performance. Further to this, expanding 
the uses of the PbS devices was explored through the fabrication of thin film photoconductors by 
spin coating the PbS nanocrystals on the substrates. 
 
5.2 Introduction 
The use of nanotechnology and nanomaterials to miniaturise and add value and 
functionality to the use of optoelectronic devices has become increasingly important and of great 
interest to researchers. With regards to photodetectors, being able to have a device that has high 
sensitivity, short response time and easy integration is vital in maximising the number of 
applications for each type of detector, especially over the required wavelengths. 
Lead Sulphide (PbS) semiconductor nanocrystals have been widely studied with regards to 
photodetector technology, due to the potential for low cost, flexible and multispectral detection 
since first being reported in 2005 by Sargent group [159]. This is possible because of the band gap 
being able to be tuned via the diameter of the nanocrystal due to the quantum dot confinement for 
both the electron and hole energy levels. PbS nanocrystals display a spectral response from the UV 
through the visible to the near-IR from 200 to 2400 nm [15]. With such a broad band of 
wavelengths covered, the possibility of replacing photodetectors that operate in different spectral 
ranges; for example gallium phosphide ~150-550 nm, silicon ~400-1100 nm, indium gallium 
arsenide ~800-1800 nm and germanium ~800-1800 nm, with a single broad wavelength band 
detector. Photoconductors created using PbS nanocrystals have several advantages over the 
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conventional vertical sandwich type structures, with easier integration into circuits, use of single 
metal electrodes and the removal of the top electrode improving light detection. Along with this the 
simple low cost fabrication of devices at room temperature means that the optimisation and 
repeatability of fabricating these devices was especially important. 
Addressing this need, the basis of this chapter is to fabricate a series of photodetectors and 
characterise their optical performances. Photoconductors will be investigated using PbS 
nanocrystals and buckminsterfullerene (C60) fullerite rods enabling detection in UV-visible-near-IR 
regions. UV operation will be explored along with seeing if multiple exciton generation (MEG) is 
detectable in the devices to greatly increase performance in UV region along with expanding the 
uses. To compare the different types of photodetectors the wavelength dependent responsivity and 
detectivity will be measured. Further to this the transient time response of the devices will be 
measured along with the repeatability of fabricating the devices studied. 
Further to this the ratio of PbS to C60 fullerites was adjusted to find the best balance 
between performance and usability; to attempt to control the manufacture and greatly increase the 
repeatability of devices with the highest detectivity possible. This was carried out by making 
blends of both materials and fabricating the photoconductors via drop casting. Finding the ideal 
balance between the two should optimise the uses for these devices. 
Along with the hybrid devices, thin film devices utilising only PbS nanocrystals were 
explored along with how to create the thin films and calibrate the thicknesses produced. The usual 
process of creating PbS films involves chemical bath deposition (CBD) [160] [161]. Spin coating 
the PbS nanocrystal films is a newer method with high potential and will be explored, as it is 
possible to create a film over the top of the interdigitated electrodes, increasing the charge transport 
in the film [162] [163]. This study was a preliminary study, due to a change in direction from a 
change of supervision. 
The results are summarised in Appendix D. 
 
5.3 Experimental Overview 
5.3.1 Fabrication of C60 Fullerites 
The C60 fullerite rods used in the devices were formed using liquid-liquid interfacial 
precipitation (LLIP) [164] [165] [40]. This involved dissolving the C60 (99.9% purity purchased 
from RMER Corporation) into a solvent to form a solution and then adding an alcohol. The 
solvents used to form the fullerite rods were xylene (such as o-xylene and m-xylene) [40] and 
dichlorobenzene (1,2-dichlorobenzene and 1,3-dichlorobenzene) [103]. The alcohols used in the 
reaction were isopropyl alcohol (IPA) and ethanol. The length and shape of the fullerites formed 
was controlled by the ratio of solvent to alcohol along with the types used.  
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The first step in making the rods involved measuring out an amount of C60 and adding the 
solvent being used to achieve the ratio of C60 in mg to solvent in ml [166]. For m-xylene 2.2 mg of 
C60 was added for each ml of m-xylene. This mixture was then agitated for around fifty minutes 
until the C60 was fully dissolved. After the solution was formed, an amount of the C60 solvent 
mixture was measured out and a quantity of the alcohol was added to achieve the ratio of C60 
solvent mixture in mg/ml to alcohol in ml. Two ways were used to form the fullerites, one of which 
was quick, where the solvent and alcohol are mixed [40], and the other slow [103], where the 
solvent was underneath the alcohol forming two layers. The two ways give different results even 
for the same ratios with the slow method producing longer rods due to the larger reaction time. If 
all the C60 in the solvent has been used up then the solvent will become clear as shown in Figure 
5-1(b). Otherwise the solvent will still be purple in colour, as shown in Figure 5-1(a) from the C60 
solvent mixture. 
 
 
Figure 5-1: Photograph of LLIP process. (a) shows an incomplete reaction and (b) shows the complete reaction 
 
The sample was then dropped onto a microscope slide to view the resulting fullerite 
crystals under a microscope or on a piece of conductive substrate (for example silicon wafer) to 
view under SEM (Scanning Electron Microscope). Both of these were used to check the fullerites 
length with a polarised microscope confirming that they were singular crystals with high 
uniformity. This was previously confirmed by TEM (Transmission Electron Microscopy) by Y. Jin, 
University of Surrey [100].   
For the devices, the average minimum length required had to be more than the minimum 
spacing of the interdigitated gold electrodes used. The fullerites needed to be as thin as possible to 
optimise the devices by reducing the resistivity of the fullerite rods due to the reduced cross-
sectional area. 
 
5.3.2 Absorption Spectroscopy 
Absorption spectroscopy shows the absorption of a material and its dependence on the 
photon wavelength, due to photons of light having energy larger than the band gap of the material, 
 (a) (b) 
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promoting electrons from the ground state to excited states. Photons with less energy transmit 
through the material normally. The absorption spectra showed the photon energies that were 
absorbed by the material. 
These measurements were made using the Varian Cary 5000 UV-visible-near-IR 
spectrophotometer. The liquid sample (PbS in toluene or C60 in xylene) was placed in the sample 
chamber along with the solvent used in the reference chamber, both in quartz silica glass cuvettes. 
The Cary 5000 used the inbuilt light source and monochromator to send a beam of light to both the 
sample and solvent using a beam splitter. The two detectors built in to the Cary 5000 after the 
chamber, measured the absorption in both cases. The reference absorption was subtracted from the 
sample absorption to give absorption spectra for the sample, discounting the solvent used and the 
cuvette along with a correction for the zero and background spectra.  
 
5.3.3 Photoluminescence for PbS Quantum Dots 
The PL study was similar to that carried out in Chapter 3, Section 3.3.2, the difference 
being using a monochromator instead of an FTIR and liquid samples. The samples being measured 
was put in solution with a solvent, which does not emit near the samples emission using the 
absorption spectra for the two. This diluted the sample so that the signal was not too strong and did 
not overload the lock-in amplifier or saturate the detector. This solution was placed into a quartz 
silica glass cuvette (pathlength 10x10 mm). Figure 5-2 shows the set up for the PL studies. The 
laser diode wavelength should have a significantly higher energy than the bandgap and was stopped 
from entering the monochromator using a longpass filter. The monochromator scans through the 
selected wavelengths and the detector (Newport 818-IG) detected the response which was then 
outputted to the computer via the lock in amplifier. All the instruments were controlled by the 
software Laboratory Virtual Instrument Engineering Workbench, LabVIEW. The results needed to 
be corrected for the spectral response of the filter used and the grating of the monochromator.  
 
 
Figure 5-2: Equipment setup for photoluminescence studies.  
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CPU 
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5.3.4 Quantum Efficiency 
The quantum efficiency (QE) showed the ratio between the number of photons emitted to 
the number of photons absorbed [167]. The QE was calculated by using the following experiment.  
QE studies used a different set up to PL shown in Figure 5-3. This time the sample was in a 
thinner cuvette (pathlength 10x2 mm) and then placed in an integrating sphere. Again the laser 
diode wavelength was below the response and cut out by longpass filter before the monochromator.  
 
 
Figure 5-3: Equipment setup for quantum efficiency studies. 
 
Firstly the response without anything in the sphere was measured, which shows the lasers 
spectrum, shown in Figure 5-4(a) [167]. Then the sample was placed in the sphere with the laser 
not directly hitting it, shown in Figure 5-4(b), this shows the response of the laser and the sample 
minus the fraction of laser light which was scattered from the sphere wall that was absorbed by the 
sample [167]. Finally the laser was directed onto the sample, shown in Figure 5-4(c), to show the 
fraction that will either be reflected or transmitted [167]. The results again needed to be corrected 
for the filters used and the grating of the monochromator. 
 
 
Figure 5-4: Diagram showing the three configurations of the sphere. (a) shows with no sample, (b) shows indirect 
sample and (c) shows direct sample 
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With this data the QE was worked out by using Equation 5-1 and Equation 5-2. The values 
for La, Lb, Lc, Pb and Pc were obtained by integrating under the curves [167]. The QE was then 
converted into a percentage by multiplying by one hundred.  
η =
𝑃𝑐 − (1 − 𝐴)𝑃𝑏
𝐿𝑎𝐴
 Equation 5-1 
  
𝐴 = (1 −
𝐿𝑐
𝐿𝑏
) Equation 5-2 
Where η is the quantum efficiency, Pc is the direct sample response, A is the amount of 
incident light absorbed by the sample, Pb is the indirect sample response, La is the empty sphere 
laser response, Lc is the direct laser response and Lb is the indirect laser response. 
 
5.3.5 Device Manufacture 
The photodetectors were made by drop casting the materials on top of interdigitated gold 
electrodes, energy level 5.1 eV shown in Figure 5-5, on a substrate giving an active area of 25 mm2 
(5×5 mm square). The C60 was purchased from RMER Corporation (99.9% purity) and PbS was 
purchased from Evident Technologies, Inc (850 nm, 1100 nm and 1500 nm oleic ligand-capped 
colloidal PbS nanocrystals in toluene). The PbS nanocrystals will be referred to as 850 PbS, 1100 
PbS and 1500 PbS to reference the expected absorption wavelengths of each nanocrystal from data 
supplied by the company. Drop casting was carried out by using a glass pipette to drop the 
solutions onto the electrodes and letting the solvents evaporate off leaving the solid materials. 
 
 
Figure 5-5: Energy level diagram for the PbS/C60 device with gold electrodes. 
 
The substrates used were 500 µm thick silicon wafers with a 300 nm thermally grown 
silicon dioxide layer on top from University Wafer. The pattern for the electrodes is shown in 
Figure 5-6, depicting an electrode set with 10 µm wide electrodes and 10 µm spacing between each 
electrode. Other sizes used were 6 µm wide electrodes with 30 µm spacing and 6 µm wide 
electrodes with 15 µm spacing.  
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Figure 5-6: Diagram showing Electrode pattern. Black = gold electrodes. 
 
The electrodes were manufactured using a photolithography (UV-lithography) process 
using a patterned mask and UV sensitive photoresist. The substrates were cleaned before the 
process using acetone, then IPA, then deionised water. The photoresist was spin coated on to the 
substrate after a primer (hexamthyldisilazane, HMDS) was spin coated on to the substrate and then 
exposed to UV light through the mask after baking. The exposed photoresist was removed using a 
developer solution. After development, the metal required was deposited by sputtering over the 
whole substrate (both exposed and unexposed). The resist from the unexposed were removed using 
a lift off process revealing the desired pattern for the metal on the substrate, as shown in Figure 5-7. 
The electrode fabrication process is described in more detail in Appendix E.  
 
  
Figure 5-7: Microscope images showing electrodes created by photolithography using S1813. 
 
The distributions for the dark current for the sets of electrodes can be seen in Figure 5-8. 
The dark current can go even lower if left under a 100 V bias for 30 minutes to burn off any 
leftover photoresist, with all spacing achieving dark currents from 1 nA to 300 pA at 10 V. 
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Figure 5-8: Graph showing distribution of dark current for sets of electrodes with different spacing with bias of 30 V. 
 
5.3.6 Creating PbS/C60 Blends 
To accurately control the amount of PbS and C60 in the photoconductors the ratios of PbS 
to C60 were measured to within 1 µl using a micropipette for each one. The ratios of PbS to C60 
were created, by firstly measuring out an amount of C60 fullerite rods in m-xylene and then an 
amount of the PbS in toluene was added and mixed. The devices were fabricated, by drop casting 
the PbS to C60 blend on the electrodes, with 8 µl of the blend drop cast for each device. The PbS to 
C60 blend mixtures were required to be used within an hour after they were created, to minimise the 
C60 dissolving in the toluene and shortening and damaging the fullerite rods. This was adequate for 
testing the blend devices fabricated using a simple drop casting process, as the devices were 
fabricated as soon as the blend mixture was mixed, therefore the reliability of the blend mixtures 
should not be impacted. 
 
5.3.7 I-V Measurements 
To measure the current and voltage characteristics of the device, a Keithley 237/238 
source-measure unit was connected across the device and controlled using LabVIEW with a GPIB 
cable. Using the LabVIEW software, the voltage was varied and the current across the device was 
measured. The current across the device was measured when illuminated and in the dark. For dark 
measurements the device was enclosed in a metal box to shut out all background light and act as a 
faraday cage.  
 
5.3.8 Photocurrent Measurements 
The set up for measuring the optical properties of the photoconductors is shown in Figure 
5-9. The frequency of the chopper was set to 232 Hz, to ensure it was not a multiple of 50 Hz, 
otherwise the light would have been affected by the 50 Hz background light. 
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Figure 5-9: Equipment setup for photocurrent studies. 
 
The circuit for the device is shown in Figure 5-10. The load resistor (RL) was for 
impedance matching between the components and the reference frequency required by the lock in 
amplifier, which measures the voltage drop, was supplied by the chopper.  
 
Figure 5-10: Circuit setup for photocurrent studies. 
 
The device was held in place by a 3D printed holder, designed using the software Google 
Sketchup, and connected with Bayonet Neill–Concelman (BNC) connectors, shown in Figure 5-11. 
To reduce the amount of floating wires a printed circuit board (PCB) was created to connect the 
photoconductor, load resistor, voltage source and lock in amplifier, using the software EAGLE by 
Autodesk. Connecting the device to the circuit was carried out using gold plate spring loaded pins 
to ensure a good connection with the gold contact pad on the photoconductors, while not scratching 
or indenting the contact pad at the same time. This was then mounted in a metal box with insulated 
BNC connector attached to act like a Faraday cage, further reducing the effects of outside noise 
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Figure 5-11: Design for photoconductor holder and box created using Google Sketchup. The top left shows the holder 
design and the top right shows the full box design. The bottom photo shows the final printed version of the holder. 
 
Using the computer software in LabVIEW, which was connected to all the instruments 
using GPIB cables, a scan was carried out across the wavelengths required and the lock in amplifier 
collected the voltage across the RL. The LabVIEW programs for collecting the data are shown in 
Appendix F and G. After this measurement was carried out, the light intensity was measured using 
a calibrated optical power meter (Newport 818-UV and 818-IG), instead of the device, across the 
same range of wavelengths. These measurements were carried out with as little background light as 
possible. From these results the responsivity, external quantum efficiency and detectivity of the 
device were calculated, using Equation 2-3, Equation 2-4 and Equation 2-6 respectively, from 
Chapter 2.4.2.  
 
5.3.9 Transient Time Response Measurements 
The time response of the photoconductors was measured by firing pulses of light at certain 
wavelengths onto the photoconductor and an oscilloscope was used to measure the devices 
response. Figure 5-12 shows the set up to measure the time response of the photoconductors. After 
the time response curves had been obtained using the oscilloscope, the rise and decay times were 
calculated. The rise time showed how long it takes for the system to go from its steady state to the 
peak, whereas the decay time showed how long the system takes to go from the peak back to its 
steady state. The time constants for the decay curve were calculated by fitting an exponential decay 
curve to the time response curve. 
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Figure 5-12: Equipment setup for time response. 
 
5.3.10 Sealed Solvent Exchange for PbS 
To change the solvent the colloidal PbS nanocrystals are dissolved in, sealed solvent 
exchange was carried out which minimises the oxidisation of the nanocrystals by sealing them off 
from air and keeping the nanocrystals only in contact with nitrogen. The set up for this is shown in 
Figure 5-13. 
 
Figure 5-13: Set up for sealed solvent exchange for colloidal PbS nanocrystals in a solvent. 
 
Initially the glass vial was flushed with nitrogen and the vial was weighed with the rubber 
cap on. Then a known amount of PbS in toluene was added to the vial and the rubber cap attached 
back on the top of the glass vial. The vial was weighed again with the rubber cap on, to work out 
the weight of PbS in toluene in the vial. Two 20 gauge (0.81 mm) syringe needles were pierced 
through the rubber cap into the vial, with one needle acting as an inlet and deeper into the vial and 
the other as an outlet. The flow of nitrogen was set low enough to not cause the liquid to splash and 
attached to the nitrogen hose via the inlet needle and the vial was clamped in place in a fume hood. 
The toluene evaporated until only solid PbS nanocrystals were left in the bottom of the vial, with 
this taking about one hour. Chloroform was added to another glass vial of the same size and a 
rubber cap used to seal the vial and two 20 gauge needles with one of the needles near the bottom 
of the vial in the chloroform with the nitrogen hose attached. Nitrogen was bubbled through the 
chloroform for 10 minutes to remove any contaminants. The vial with the PbS nanocrystals in was 
weighed with the rubber cap on to work out the weight of the dried PbS left behind. The nitrogen 
bubbled chloroform was added to the PbS using a metal syringe to obtain a 30 mg/ml solution. 
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5.3.11 Creating PbS Thin Films 
The method for creating thin film nanocrystal layers was based off a technique for 
producing phototransistors [163]. With the PbS nanocrystals in chloroform, the solvent evaporated 
fast enough to spin coat, unlike toluene, which would take too long to evaporate. A spin coater was 
set up inside a nanoparticle cabinet and the fused silica substrates (15 by 15 mm, 1 mm thick) 
mounted in the spin coater. The spin coater was set to 2000 rpm for 1 second and then 2500 rpm 
for 10 seconds and using a glass pipette, the PbS nanocrystal and chloroform solution was dropped 
onto the substrate, with enough to flood the whole surface. Then the spin coater was run. After the 
spin coater was finished, a small amount of benzene-1,3-dithiol (BDT) and acetonitrile mixture 
(22.4 µl of BDT to 20 ml of acetonitrile) was dropped on to the PbS film to flood the surface and 
left for 10 seconds. This exchanges the oleic acid ligand with the shorter BDT ligand, reducing the 
amount of carrier tunnelling between PbS quantum dots. Immediately after the 10 seconds, the spin 
coater was run again on the same settings. After this only acetonitrile was dropped onto the PbS 
film and the spin coater was run again on the same settings to wash away any un-exchanged 
ligands from the PbS film. This produced one layer of PbS nanocrystals with BDT ligand chains. 
The whole process was repeated until the required number of layers had been built up. The layer 
thicknesses were characterised by sputtering roughly 100 nm layer of platinum on the surface and 
cutting a channel in the material while in a scanning electron microscope (SEM) to measure the 
PbS film thickness.  
 
5.4 Experimental Results 
5.4.1 C60 Fullerite Rod Formation 
Tests on the process of making C60 fullerite rods were carried out to see what the optimal 
conditions for the formation of the rods were. This was conducted by varying the alcohol and 
solvent used and adjusting the concentrations of the two, along with repeatability studies to see 
how repeatable the results were. Figure 5-14 shows scanning electron microscope (SEM) images of 
the hexagonal cross-sectioned rods with multi-faceted tips.  
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Figure 5-14: SEM images showing the structure of fullerite rods. Left using 1,3 dichlorobenzene and right using m-
xylene (Scale 10 µm). 
 
Two different types of xylene were used in the formation of the C60 fullerite crystals. P-
xylene was not used as the solvent does not produce rods in the LLIP process, only pebble like 
structures that are not singular crystals, with the wrong ratio of o-xylene, 1:1 C60 in o-xylene to 
IPA, creating roughly hexagonal shaped platelet structures, with both shown in Figure 5-15.  
 
 
Figure 5-15: Microscope images showing the product of different xylenes with C60. The top two images show the result 
from ratio 1:1 for C60 in o-xylene to IPA (Scale 10 µm) and the bottom image shows the result from using p-xylene in the 
LLIP process.  
 
An attempt at forming rods with a small amount of PbS nanocrystals was also carried out, 
to see if one solution containing everything could be created. This enabled a single drop cast for 
manufacturing the devices, but problems occurred with the toluene, the PbS nanocrystals are 
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dissolved in, damaging the fullerite rods. Figure 5-16 shows the images for the rods formed and 
Figure 5-17 shows the histograms showing the distribution of lengths. 
 
Figure 5-16: Microscope images showing fullerite rods formed from the different processes. (a) shows rods formed from 
ratio of 3:2 for C60 in o-xylene to IPA (Scale 50 µm), (b) shows rods formed from ratio of 3:2 for C60 in m-xylene to IPA 
(Scale 100 µm) and (c) shows rods formed from ratio of 3:2 for C60 in m-xylene plus 50 µl 1100PbS to IPA (Scale 
50 µm). 
 
 
Figure 5-17: Graph showing distribution of fullerite rod lengths for the samples shown in Figure 5-16. (a) shows rods 
formed from ratio of 3:2 for C60 in o-xylene to IPA, (b) shows rods formed from ratio of 3:2 for C60 in m-xylene to IPA 
and (c) shows rods formed from ratio of 3:2 for C60 in m-xylene plus 50 µl 1100PbS to IPA. 
 
The o-xylene produced short rods, with a mean length of 18.2±0.7 µm, as well as other 
structures which were unwanted, similar to the platelets in Figure 5-15, but smaller. M-xylene 
produced longer rods with a mean length of 34.6±1.1 µm, which was larger than the greatest 
spacing of the electrodes (30 µm). Adding PbS nanocrystals to the solution formed even longer 
rods with mean length 46.3±0.9 µm, but did not form films as easily, with spaces in the device 
reducing efficiency, with this most likely due to the toluene used as a solvent for the PbS 
nanocrystals damaging the fullerite structures due to C60 being more soluble in toluene than m-
xylene [102]. 
Dichlorobenzene (DCB) was another solvent that can be used in LLIP [103]. 1,2 DCB did 
not produce fullerite rods, instead forming large, non-singular crystal structures and therefore 
unusable in devices. 1,3 DCB however did form fullerite rods when used in LLIP. Figure 5-19 
shows images for rods formed using 1,3 DCB and either IPA or ethanol in both fast and slow LLIP 
processes. With the slow process a definite separation of the solvent and alcohol can be seen with 
the rods forming in the interface, as shown in Figure 5-18. 
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Figure 5-18: Photograph of slow LLIP, with the vial on the left using IPA and the vial on the right using ethanol. 
 
 
Figure 5-19: Microscope images showing fullerites formed from 1,3 Dichlorobenzene and either Ethanol or IPA by 
either fast or slow process.(a) shows rods formed from fast process for ratio 3:2 for C60 in 1,3 Dichlorobenzene to 
Ethanol (Scale 100 µm), (b) shows rods formed from slow process for ratio 1:10 for C60 in 1,3 Dichlorobenzene to 
Ethanol (Scale 100 µm), (c) shows rods formed from fast process for ratio 3:2 for C60 in 1,3 Dichlorobenzene to IPA 
(Scale 50 µm) and (d) shows rods formed from slow process for ratio 1:10 for C60 in 1,3 Dichlorobenzene to IPA (Scale 
100 µm). 
 
The images for the fullerite rods formed showed that they were all significantly longer than 
when using m-xylene. Using IPA as an alcohol in the fast process formed longer rods than when 
ethanol was used, but in the slow process ethanol produced the longer rods. With the fast process 
both samples had a mixture of very short rods along with the long rods which would have reduced 
performance when used in devices. While the slow process seemed to eliminate these short rods to 
some extent, the rods formed are very hard to drop cast as they formed large bundles of rods rather 
than being separate from each other causing problems when using the glass pipette. 
The repeatability of the formation of the rods was tested under different ratios as well as 
solvents and alcohols, as shown in Table 24. Figure 5-20 shows the fullerite rods formed using m-
xylene under different ratios and Figure 5-21 shows the fullerite rods formed using 1,3 DCB with 
ethanol and IPA using fast LLIP.  
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Table 24: Ratio of solvent to alcohol used for C60 fullerite rod formation. 
Solvent Alcohol Ratio (solvent : alcohol) 
M-xylene IPA 1:1, 3:2 and 2:1 
1,3 DCB IPA 3:2 
1,3 DCB Ethanol 3:2 
 
 
 
 
Figure 5-20: SEM images showing fullerites formed from different ratios using m-xylene and repeated twice. Graphs 
showing distribution of fullerite rod lengths for the samples are to the right of the images. (a) and (b) show rods formed 
from ratio of 1:1 for C60 in m-xylene to IPA. (c) and (d) shows rods formed from ratio of 3:2 for C60 in m-xylene to IPA. 
(e) and (f) shows rods formed from ratio of 2:1 for C60 in m-xylene to IPA. 
 
Changing the ratio of C60 in m-xylene to IPA had a significant effect on the length of the 
rods. 1:1 ratio produced short fullerite rod lengths with mean length around 16 µm with very low 
standard deviation. The 3:2 ratio produced longer fullerite rods with mean length around 32 µm 
with a slightly higher standard deviation, with 2:1 ratio producing more short fullerite rods in 
Figure 5-20(e) but some longer ones as well in Figure 5-20(f), causing a difference in the mean 
length and standard deviation for the two samples, unlike the other two ratios. The 3:2 ratio was 
most usable in the devices due to the length being greater than the maximum electrode spacing as 
well as being highly repeatable.  
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Figure 5-21: SEM images showing fullerites formed from using 1,3 Dichlorobenzene and repeated twice. Graphs 
showing distribution of fullerite rod lengths for the samples are to the right of the images. (g) and (h) shows rods formed 
from ratio of 3:2 for C60 in 1,3 Dichlorobenzene to IPA. (i) and (j) shows rods formed from ratio of 3:2 for C60 in 1,3 
Dichlorobenzene to Ethanol. 
 
For 1,3 DCB, when IPA was used as the alcohol, the fullerite rods formed were 
considerably longer but have a large number of small rods mixed in. This caused a large 
distribution, as seen in the histogram and a large standard deviation when compared to m-xylene. 
Using ethanol with 1,3 DCB had similar problem to IPA but was also more unreliable when 
repeating the same process, as can be seen by the histogram, where Figure 5-21(j) had more shorter 
rods than Figure 5-21(i), causing a huge difference in the mean length and distribution. Also from 
all the samples that used 1,3 DCB, the fullerites formed are rougher and in places snapped or had 
not formed faceted tips, which would reduce performance. 
Upon changing the different conditions for manufacture of C60 fullerite rods, m-xylene and 
IPA produced the highest quality rods, which are all uniform and fully formed. The best ratio was 3 
parts C60 in m-xylene to 2 parts IPA, producing long fullerite rods with a mean length of 32 µm and 
a very low standard deviation that are easily long enough to cover the maximum spacing of the 
electrodes and form very thick films with few spaces. The other ratios either produced fullerite rods 
that were too short (1:1) or had a larger standard deviation along with fullerite rods that were too 
short (2:1). The addition of a small amount of PbS nanocrystals to the 3:2 ratio using m-xylene and 
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would be harder to use in devices due to the fact that voids in the active area are more prolific, 
therefore reducing the active area of the photoconductors. Using 1,3 DCB as a solvent did produce 
considerably longer fullerite rods than when using m-xylene, but the rods were not fully formed 
and bunched up to one another, pointing away from a single point. Also there were a significant 
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number of considerably small fullerite rods in the mixture causing a very high standard deviation. 
The fullerite rods formed from 1,3 DCB were not usable at the moment with devices, but could 
potentially be used for PbS/single fullerite rod devices due to the smaller number of rods formed in 
the solution, making it easier to separate the rods. This would enable micrometre sized devices to 
be created across two gold contact pads.  
 
5.4.2 Absorption C60 and PbS Quantum Dots 
The absorption for C60 and multiple different sized PbS nanocrystals were measured. 
Solutions for the samples were made by diluting them in solvents. For C60 50 µl of 2.2 mg/ml of 
C60 in m-xylene was added to 1ml of m-xylene and for PbS, 50 µl of PbS in toluene was added to 
1 ml of toluene. The absorption spectra are shown in Figure 5-22. As the PbS concentrations are 
unknown, the relative concentrations were calculated from the absorption peaks. For the ratios of 
PbS nanocrystals used in the multiple quantum dot solutions, see Table 25. The ratios were used to 
make the 50 µl which was then diluted with 1 ml of toluene. 
 
Table 25: Ratios for multiple PbS nanocrystal solutions. 
 850PbS 1100PbS 1500PbS 
850+1100PbS 1.3 1 N/A 
850+1500PbS 1 N/A 4.7 
1100+1500PbS N/A 1 6.1 
850+1100+1500PbS 1.3 1 6.1 
 
 
 
Figure 5-22: Absorption spectra for C60 and different sized PbS nanocrystals. (a) shows spectrum for all materials. (b), 
(c), (d) and (e) shows spectra for combinations of different sized PbS nanocrystals. 
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From the absorption spectra, the absorption energy gap for the PbS nanocrystals was 
calculated using Equation 2-2 in Chapter 2.4.2 and the location of the first exciton peaks in each 
material. For 850PbS, the peak occurred at 761 nm and ends around 950 nm, 1100PbS at 1020 nm 
and ends around 1150 nm and 1500PbS at 1450 nm and ends around 1600 nm. The peaks were at 
different locations than the value quoted when purchased due to the solutions containing a 
multitude of different sized quantum dots with the value for the peak absorption showing where the 
higher concentration of quantum dots sizes were. The absorption peak for 1100PbS is narrower 
than the other two, indicating a much lower distribution of sizes of nanocrystal in the solution, with 
a large majority absorbing at 1020 nm. The 1500PbS nanocrystals have the widest absorption peak, 
with the lowest maximum, indicating a much broader distribution of nanocrystal sizes. To estimate 
the conduction and valence band of the PbS nanocrystals, previous data on PbS quantum dot size 
and relation to bandgap was used [168]. The energy levels and bandgaps for the PbS nanocrystals 
and C60 used are shown Figure 5-24. 
 
Figure 5-23: Conduction and valence band energies for different sized quantum dots, based off of previous research 
[168]. 
 
 
Figure 5-24: Energy level diagram showing conduction and valence band for PbS nanocrystals from Figure 5-23 and 
HOMO and LUMO levels for C60 fullerites. 
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being at the same wavelength, but both peaks had a lower intensity than for the single quantum dot 
materials. For 850+1500PbS solution there was almost no change in the absorption spectra when 
compared to 1500PbS. For 1100+1500PbS solution, there was slight enhancement where the 
1100PbS peak occurs with minimal reduction of the 1500PbS peak. For 850+1100+1500PbS 
solution there was virtually no enhancement of any of the peaks with reduction for 850PbS and 
1500PbS. For the multiple PbS quantum dot solutions, the absorption peaks for each type of PbS in 
the solution were visible, but the peaks were at lower intensities than the single solutions. This 
could be due to the calculation of the relative concentration using the peaks of absorption not being 
the ideal way of working out the ratios or that the different dots are not fully compatible with one 
another. The 1500PbS nanocrystals gave the lowest intensity absorption with the additions, but 
850PbS and 1100PbS could be used for flattening out the spectral response of the device, due to 
minimal reduction in the peaks. 
An attempt was made to change the PbS nanocrystals solvent by evaporating the toluene 
under nitrogen flow (to prevent oxidation) and then adding m-xylene to replace the toluene. This 
would mean that only one solvent was required for device manufacture. Absorption spectra for the 
PbS nanocrystals in m-xylene are shown in Figure 5-25. For both PbS in m-xylene there is a 
massive reduction in absorption as a whole and the peaks have shifted to lower wavelengths. This 
would indicate reduction in performance for devices over the PbS in toluene. This could be due to a 
problem in the process of transferring the dots with them being slightly oxidized before m-xylene 
was added or even the oleic acid ligands not being fully compatible with m-xylene. It is still worth 
repeating the process, this time under vacuum to see if it is possible, as having the quantum dots in 
m-xylene would reduce the damage to the rods when the PbS nanocrystals are drop cast. 
 
Figure 5-25: Absorption spectra for PbS nanocrystals in toluene and m-xylene.(a) shows 850PbS and (b) shows 
1100PbS. 
 
5.4.3 Photoluminescence and Quantum efficiency 
The photoluminescence (PL) for the multiple PbS nanocrystals was measured. The same 
solutions used for the absorption studies were used for PL. Figure 5-26 shows the PL spectra. 
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Figure 5-26: Photoluminescence spectra for different sized PbS nanocrystals. (a) shows the spectra for all materials. (b), 
(c), (d) and (e) show spectra for combinations of different sized PbS nanocrystals. 
 
For single PbS quantum dot solutions there were only single emission peaks. For 850PbS 
the peak was at 948 nm, 1100PbS the peak was at 1102 nm and 1500PbS the peak was at 1462 nm. 
For the multiple PbS quantum dot solutions, there were peaks according to the dots used. The non-
normalised intensity of the peaks can be seen in Table 26, where 1100PbS had the highest emission 
intensity of 6 at 1102 nm, 850PbS with half the emission intensity of 3 at 948 nm and 1500PbS had 
a much lower emission intensity of 1 at 1462 nm. For the multiple PbS solutions again, there was a 
large reduction when 1500PbS was used over the single PbS solutions. For 850PbS and 1100PbS 
however, there was a significant increase in both the peaks over the single PbS solutions, with the 
1102 nm peak increasing from 6 to 40 and the 948 nm peak increasing from 3 to 8. 
 
Table 26: intensity of emission for PbS solutions. 
 948 nm peak/mA 1102 nm peak/mA 1462 nm peak/mA 
850PbS 3 - - 
1100PbS - 6 - 
1500PbS - - 1 
850+1100PbS 8 40 - 
850+1500PbS 0.02 - 0.4 
1100+1500PbS - 0.06 0.2 
850+1100+1500PbS 0.02 0.15 0.4 
 
To compare the absorption energy gap with the PL energy gap, the peak energies needed to 
be converted to the energy gap for PL, which was carried out using Equation 5-3. The absorption 
and PL energy gap comparison is shown in Figure 5-27, with the shorter the wavelength of the 
nanocrystals, the closer the absorption energy gap is to the PL energy gap. 850PbS has a greater 
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Stokes shift with it being ten times greater than the Stokes shift observed for 1500PbS, which could 
be due to the nanocrystal size. 850PbS had the greater diameter compared to the other two 
nanocrystals, due to the smaller energy gap in 850PbS [169]. With an increase in nanocrystal size, 
the less the nanocrystal acts like a singular quantum dot with the ground and excited stated moving 
further apart [170]. The 1500PbS nanocrystals had the lowest Stokes shift, which is due to the 
small diameter of the crystal and is therefore the sample that acts the most like the single quantum 
dot model. 
 
 
𝐸𝑔
𝑃𝐿 = 𝐸𝑃𝐿 −
𝑘𝑇
2
 Equation 5-3 
Where 𝐸𝑔
𝑃𝐿 the band gap energy is for PL, EPL is the energy peak from PL, k is 
Boltzmann’s constant and T is the temperature. 
 
Figure 5-27: Comparison of the energy gap from absorption and PL for all sizes of PbS. 
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due to the significant enhancement in the PL intensity for the mixture of the two. Each device was 
made until one with adequate dark and light current was fabricated. This is due to the inconsistency 
of manufacture from drop casting, as even for the same amount of solution in the pipette, the 
amount of solvent to PbS nanocrystal or C60 will be different. 
The first device was made normally via drop casting 3:2 ratio C60 in m-xylene to IPA 
fullerite rods and 1100PbS nanocrystals on 6 by 30 µm spacing gold electrodes on silicon oxide on 
silicon substrate. Then the device was submerged in acetic acid and acetonitrile to replace to oleic 
acid ligands with shorter acetic acid ligands [88]. Figure 5-28 shows the I-V characteristics for the 
photoconductor, which showed the device having a significantly larger current when illuminated 
over when in the dark. Ligand exchange had reduced the light current and increased dark current 
slightly. Figure 5-29 shows the responsivity, external quantum efficiency (EQE) and detectivity for 
the device. 
 
Figure 5-28: I-V characteristics for 1100PbS/C60 rod device showing light and dark current before and after ligand 
exchange on the left. I-V characteristics for the electrodes before fabrication on the right. 
 
 
Figure 5-29: Spectra for 1100PbS/C60 rod device after ligand exchange with different supply voltages.  
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with increasing voltage, compared to the PbS/C60 fullerite device having a Schottky behaviour with 
the gold electrodes. This could be linked to the space charge limited photocurrent shown in these 
devices, where the trap states in the fullerites fill to the point there are more electrons than the 
density of trap states resulting in the increased rise in current. This has been observed in both 
PbS/C60 fullerite and C60 only devices, indicating that this occurs from the C60 fullerites [42].   
At 30 V, there was a peak at around 620 nm, giving a responsivity of 370±10 µA/W, a 
EQE of 0.07±0.005% and a detectivity of 1.85×109±0.02×109 Jones. The dip at around 900 nm, 
giving a responsivity of 41±1 µA/W, a EQE of 0.005±0.0005% and a detectivity of 
1.9×108±0.1×108 Jones. There was a further peak at 1020 nm, giving a responsivity of 90±3 µA/W, 
a EQE of 0.0015±0.0005% and a detectivity of 4.9×108±0.3×108 Jones.  
The 850PbS/C60 fullerite photoconductor was made by drop casting 3:2 ratio C60 in m-
xylene to IPA fullerite rods and 850PbS nanocrystals on 6 by 30 µm spacing gold electrodes on 
silicon oxide on silicon substrate and underwent the same ligand exchange process as the 1100PbS 
device. Figure 5-30 shows the I-V characteristics for the photoconductor, which showed the device 
having a significantly larger current when illuminated over when in the dark. Figure 5-31 shows the 
responsivity, EQE and detectivity for the device, along with the detectivity normalised to compare 
this device with the 1100PbS device. The device was biased with a 30 V supply.  
 
 
Figure 5-30: I-V characteristics for 850PbS/C60 rod device showing light and dark current. I-V characteristics for the 
electrodes before fabrication on the right. 
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Figure 5-31: Spectra for 850 PbS/C60 rod device after ligand exchange with 30 V supply voltage.  
 
At 30 V the device had a dark current of 2 nA and when illuminated a current of 2 µA. 
There was a significantly greater difference between the light and dark current for the 850PbS 
device, compared to the 1100PbS device, with a 1000 times difference to a 100 times difference for 
1100PbS. This could be due to higher quality electrodes being used for the 850PbS device, 
enabling more efficient charge transfer or the slit width for the monochromator being greater, 
causing a larger optical power to hit the device. The I-V curves again showed that the gold 
electrodes were purely ohmic and that the PbS/C60 device had a Schottky contact with the gold 
electrodes. Further to this the I-V curve from just the fullerites being deposited with no PbS shows 
that the C60 only devices have the same Schottky contact with the electrodes. 
For the device that used 850PbS, there was a peak at around 600 nm, giving a responsivity 
of 110±1 µA/W, a EQE of 0.022±0.001% and a detectivity of 2.1×109±0.02×109 Jones. Another 
peak was at around 671 nm, giving a responsivity of 150±1 µA/W, a EQE of 0.027±0.001% and a 
detectivity of 2.9×109±0.02×109 Jones. A final peak was at 824 nm, giving a responsivity of 
250±3 µA/W, a EQE of 0.037±0.002% and a detectivity of 4.9×109±0.08×109 Jones. 
Unlike the 1100PbS device detectivity spectra, which showed all the features of C60 in the 
visible region compared to the absorption spectra for C60, the 850PbS device seemed to have a 
similar shape but the peaks are not in the place expected for C60, with the features at longer 
wavelengths. It is uncertain why this occurred, but may be due to the 850PbS main peak 
overlapping with the fullerite rods response. The 850PbS device had a greater maximum detectivity 
compared to the 1100PbS device, with a response at 824 nm of 4.9×109 Jones compared to 
1.85×109 Jones at 620 nm. 
For the devices that used 1500PbS along with 3:2 ratio C60 in m-xylene to IPA fullerite 
rods, the photocurrent spectra showed no peaks in the infrared that would represent the PbS 
absorbing photons and only the visible response similar to C60 fullerite rods. This could indicate 
that the 1500PbS nanocrystals were incompatible with the fullerite rods, due to the energy levels 
alignments. Further to this, the valance band of the 1500PbS (4.89 eV) was further above the gold 
electrode energy level (5.1 eV) which indicates that the electrons were more likely to undergo 
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Auger recombination rather than transfer to the gold electrodes. The concentration of 1500PbS in 
the toluene solution was significantly lower than the other sizes, which would cause there to be less 
PbS nanocrystals drop cast onto the substrate when the device was created. This would mean that 
there were an insufficient number of nanocrystals throughout the surface area of the device to have 
a measurable photocurrent response. 
With the photoconductors utilising the individual PbS nanocrystal sizes studied, a device 
that used a combination of nanocrystal sizes was used, with the aim to lessen any dips in spectral 
response across the devices broad band of wavelength. The device was made by initially drop 
casting 3:2 ratio C60 in m-xylene to IPA fullerite rods and 1100PbS nanocrystals on 6 by 30 µm 
spacing gold electrodes on silicon oxide on silicon substrate. Then another layer of the same drop 
casting was carried out to observe the effect of increasing the number of the same nanocrystals on 
the device and finally 850PbS was drop cast on top. The device was studied at every stage and the 
I-V characteristic curve is shown in Figure 5-32 along with responsivity and detectivity shown in 
Figure 5-33. The device was biased with a 20 V supply. 
 
Figure 5-32: IV for 1100PbS/C60 rod device showing light and dark current. 
 
 
Figure 5-33: Spectra for multiple PbS devices with varying amounts of 1100nm PbS and additional 850nm PbS.  
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The I-V characteristic curve shows a dark current for only the fullerite rods of 5 nA at 
20 V, which increases to 15 nA after PbS is added. The light current for only the fullerite rods is 
28 nA, which increases to 7.4 µA after PbS is added and then further increases to 13.8 µA upon 
doubling the layer. Table 27 shows the peaks and dips in the spectra for responsivity, EQE and 
detectivity. 
 
Table 27: Points of interest for the three devices shown in Figure 5-33. 
 1 layer 1100PbS/C60 
 Wavelength / nm Responsivity / µA/W EQE / % Detectivity / Jones 
Visible Peak 630 95 0.02 1.7×109 
Vis-NIR Dip 890 9.9 0.0015 1.7×108 
1100PbS NIR Peak 960 14 0.002 2.6×108 
 2 layer 1100PbS/C60 
 Wavelength / nm Responsivity / µA/W EQE / % Detectivity / Jones 
Visible Peak 660 460 0.09 8.1×109 
Vis-NIR Dip 870 220 0.03 3.8×109 
1100PbS NIR Peak 960 460 0.06 8.1×109 
 2 layer 1100PbS/C60 + 850PbS 
 Wavelength / nm Responsivity / µA/W EQE / % Detectivity / Jones 
Visible Peak 650 390 0.07 6.8×109 
850PbS NIR Peak 780 270 0.04 4.8×109 
Vis-NIR Dip 900 94 0.01 1.6×109 
1100PbS NIR Peak 960 104 0.014 1.8×109 
 
 
For the C60 fullerite rod only device, there was a very low dark current of around 1 nA, 
with an increase in current less than when PbS nanocrystals were also used, having roughly a 5 fold 
increase. The dark current for the first layer using both fullerite rods and 1100PbS was higher than 
when using only rods, but due to the increase in current upon illumination being significantly 
greater, this was not too much of an issue, having close to a 500 fold increase. The second layer of 
fullerite rods and 1100PbS further increased the current when illuminated, with little cost to the 
dark current, with roughly a 900 fold increase. The second layer device also had a significant 
increase in detectivity compared to when it was a single layer of around 5 times in the visible 
region, 22 times where there is a dip in the curve at 870 nm and 31 times in the near-IR. The 
inclusion of 850PbS nanocrystals decreased the detectivity in general, but did fill out the part of the 
curve where a dip in detectivity occurs, due to the 850PbS conducting more in this region. 
Unfortunately the 1100PbS peak in the near-IR reduced considerably, which could be due to an 
incorrect ratio of 1100PbS and 850PbS.  
 
5.4.5 Repeatability 
To study the repeatability of the devices, four 1100PbS with 3:2 ratio C60 in m-xylene to 
IPA fullerite rods photoconductor on 6 by 30 µm electrodes were fabricated, with the I-V 
characteristics observed as shown in Figure 5-34 and summarized in Table 28. There was a large 
inaccuracy between the devices with the highest increase from dark to illuminated being 114 and 
lowest being 3.05, due to several factors including the consistency of the electrode manufacture and 
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the accuracy of the amount of C60 fullerites and PbS nanocrystals varying. Further work was 
needed to aid this and be able to quantify the amounts of C60 fullerites and PbS nanocrystals used 
for each device. 
 
Figure 5-34: I-V characteristics for multiple 1100PbS/C60 fullerite rod photoconductors, with the solid line showing upon 
illumination and the dashed line showing the response in the dark.  
 
Table 28: Comparison of the multiple 1100PbS/C60 fullerite rod photoconductors 
 Dark current / nA Light current / nA Difference (light/dark) 
1st Device 49 5570 114 
2nd Device 87 404 4.64 
3rd Device 383 1170 3.05 
4th Device 30 328 10.9 
 
5.4.6 PbS/C60 Blend Devices 
Following on from the PbS combination device, is was shown that the ratio of C60 fullerites 
to PbS quantum dots had a large impact on the device performance. PbS/C60 blends were created 
for this purpose using the 850PbS and 1100PbS along with C60 fullerite rods with a mean length of 
32 µm using the optimum process previously shown in Section 5.4.1. The blends were fabricated 
the same way as the previous devices on fused silica glass substrates with gold interdigitated 
electrodes, that were 6 µm wide with 15 µm spacing.  
The ratio between the PbS and C60 was accurately controlled by making a blended mixture 
of the two with different ratios, ranging from 20:1 to 2:1 C60:PbS depending on the size of the 
quantum dots. To ensure the correct ratios were obtained, nearly all the m-xylene was evaporated, 
leaving a thicker consistency of C60 rods in m-xylene. For fabricating the devices, 8 µl of the ratio 
blends was drop cast, using a glass pipette, onto the electrodes to ensure a direct comparison 
between all sizes of quantum dot. This was especially important with the amount of C60 fullerite 
rods, as different amounts will affect the carrier transport. All the devices had the I-V 
characteristics studied, along with the wavelength dependent photocurrent, to calculate the 
responsivity and detectivity. 
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With the 850bS blend devices, four photoconductors were fabricated using the 20:1, 15:1, 
10:1 and 5:1 ratios of C60 to 850PbS for the blends that were drop cast. The current was measured 
depending on the supply voltage for all devices upon illumination, with a monochromatic 620 nm 
light source and in the dark to obtain the dark current, as shown in Figure 5-35. Table 29 shows the 
comparison of the light and dark current at 30 V for each ratio. Increasing the quantity of PbS 
nanocrystals increased the current when illuminated, as well as the dark current, with upon 
illumination increasing significantly with the increasing amount of PbS, with 20:1 having a 
difference between the light and dark current of 22.7 nA and 5:1 having a difference of 123 nA. 
The 15:1 device does not follow this, with only 11.8 nA difference between the light and dark 
current and a lower light current and higher dark current compared to the 20:1 device. This could 
be due to the electrodes, which started with a higher dark current for all but 20:1, but after drop 
casting had the dark current suppressed. 
 
 
 
Figure 5-35: I-V characteristic curves for all devices using 850PbS. Illumination wavelength of 620 nm. (a) shows 20:1 
C60:PbS, (b) shows 15:1 C60:PbS, (c) shows 10:1 C60:PbS and (d) shows 5:1 C60:PbS. 
 
Table 29: Light and dark current values for the 850PbS/C60 photoconductors with supply voltage of 30 V from the I-V 
characteristics. 
C60:850 PbS Electrode current  / nA Light current  / nA Dark current  / nA Light - Dark  / nA 
20:1 1.01 23.9 1.24 22.7 
15:1 6.3 15.1 3.32 11.8 
10:1 4.2 96.2 2.66 93.5 
5:1 3.5 126 2.87 123 
 
The four devices showed an increase in current upon illumination, the wavelength 
dependent photocurrent was measured along with the optical power to find the responsivity of the 
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devices at each wavelength, along with the detectivity calculated to take into account the area of 
illumination from the light source, which is shown in Figure 5-36. With the inclusion of more PbS 
nanocrystals compared to C60 fullerite rods, the wavelength range broadened with a more drawn out 
peak, apart from 15:1, the responsivity increased from the 20:1 to 10:1 devices due to higher 
amount of PbS and increased amount of charge carriers. The 5:1 device had a reduction in 
responsivity compared to the 10:1 device, which was due to the amount of C60 fullerite rods being 
lower and therefore fewer C60 fullerite rods to increase the electron mobility resulting in a reduction 
in photocurrent. The detectivity follows the same trend as the responsivity, with the greater the 
supply voltage, the higher the detectivity with the change from 20 to 30 V being greater than 10 to 
20 V, similar to the I-V characteristic curves. 15:1 had an unusual detectivity with 20 V having a 
higher peak than the 30 V, further suggesting that this is a low quality device. The 10:1 device had 
the highest detectivity with a maximum of 1.7×1010 Jones, which is significantly greater than the 
detectivity for the 850PbS device previously fabricated of 4.9×109 Jones. 
  
  
Figure 5-36: Responsivity and detectivity spectra for all devices using 850PbS for different supply voltage. (a) shows 
20:1 C60:PbS, (b) shows 15:1 C60:PbS, (c) shows 10:1 C60:PbS and (d) shows 5:1 C60:PbS. 
 
With the 1100PbS blend devices, four photoconductors were also fabricated using the 20:1, 
15:1, 10:1 and 5:1 ratios of C60 to 1100PbS for the blends that were drop cast. The 20:1 and 15:1 
devices showed only a response for C60, therefore to compare more than two samples, a blend of 
C60 to 1100PbS with ratio 2:1 was created. The current was measured depending on the supply 
voltage for all devices upon illumination, with a monochromatic 620 nm light source and in the 
dark to obtain the dark current, as shown in Figure 5-37. Table 30 shows the comparison of the 
light and dark current at 30 V for each ratio. Increasing the quantity of PbS nanocrystals has 
increased the current when illuminated, as well as the dark current, similar to the 850PbS devices. 
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Upon illumination, the current increases significantly with the increasing amount of PbS, with 10:1 
having a difference between the light and dark current of 6.32 nA and 2:1 having a difference of 
1.58 µA. The 5:1 device had an even greater difference of 2.88 µA, which shows this device had 
more efficient carrier transportation due to the C60 fullerite rods, while still having the PbS 
nanocrystals impacting the current greatly, unlike the 10:1 device with around a 500 times 
difference in current. Even with the electrodes having a lower starting dark current to the 850PbS 
devices in general, the light current is significantly greater with over a hundred fold difference 
between the 1100PbS devices and the 850PbS devices.  
 
 
Figure 5-37: I-V characteristic curves for all devices using 1100PbS for different supply voltage. (a) shows 10:1 
C60:PbS, (b) shows 5:1 C60:PbS, (c) shows 2:1 C60:PbS. 
 
Table 30: Light and dark current values for the 1100PbS/C60 photoconductors with supply voltage of 30 V from the I-V 
characteristics. 
C60:1100 PbS Electrode current  / nA Light current  / nA Dark current  / nA Light - Dark  / nA 
10:1 6 7.1 0.78 6.32 
5:1 7 2880 3.28 2877 
2:1 7.2 1580 2.01 1578 
 
The three devices had the wavelength dependent photocurrent measured along with the 
optical power, to find the responsivity of the devices at each wavelength, as well as the detectivity, 
which is shown in Figure 5-38. With the inclusion of more PbS nanocrystals compared to C60 rods, 
the near-IR response relating to PbS absorption increases from the 10:1 to the 5:1 devices, due to 
the increased amount of charge carriers with the responsivity increasing from 1.8 µA/W to 
1.1 mA/W, in the near-IR. The 2:1 device has a reduction in responsivity compared to the 5:1 
device in the near-IR, but a small 0.3 mA/W increase in the visible region relating to the C60 
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fullerite rods. Despite the 2:1 device including more PbS the near-IR response is lower due to the 
fewer C60 fullerite rods decreasing the electron mobility resulting in the reduction in photocurrent. 
The 2:1 device also had a worse supply voltage dependence with the 10 and 20 V spectra having 
similar responsivity in the visible region below 700 nm, with the 30 V spectra being around 3 times 
greater. This shows that the 2:1 device is not as higher quality as the other two devices. The 
detectivity follows the same trend as the responsivity, with the greater the supply voltage, the 
higher the detectivity with the change from 20 to 30 V being greater than 10 to 20 V, similar to the 
I-V characteristic curves and the 850PbS devices. 2:1 again had a low detectivity difference 
between 10 and 20 V below 700 nm, further suggesting that this is a low quality device. The 5:1 
device had the highest detectivity with a maximum of 3.83×109 Jones, which is greater than the 
detectivity for the 1100PbS device, fabricated for Chapter 5, of 1.85×109 Jones. The 850PbS 
devices again had a higher detectivity compared to the 1100PbS devices, similar to the previous 
devices, but with a significantly smaller band of wavelengths, only detecting to 850 nm compared 
to 1200 nm, reducing the uses for devices utilizing the 850PbS. 
  
 
Figure 5-38: Responsivity and detectivity spectra for all devices using 1100PbS for different supply voltage. (a) shows 
10:1 C60:PbS, (b) shows 5:1 C60:PbS, (c) shows 2:1 C60:PbS.  
 
Both sets of devices for 850PbS and 1100PbS showed a large increase in photocurrent 
upon illumination compared to the dark current, with the best performing device utilising 850PbS 
nanocrystals with 5:1 ratio which had an increase of 44 times the dark current. The best performing 
1100PbS nanocrystal device with 5:1 ratio had an increase of 878 times the dark current, which 
was a significantly greater increase than for the 850PbS nanocrystal based devices. This was 
difficult to compare completely as it does not take into account the monochromatic light source 
power, which could have varied between samples. Either way both samples had high quality light 
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emission with a low dark current, below 3 nA. The 10:1 850PbS device had the greater detectivity 
(1.7×1010 Jones), with the 5:1 having a slight reduction in performance, due to having too many 
PbS nanocrystals in relation to C60 fullerite rods which increased the losses in the device. For the 
1100PbS devices 5:1 again had the highest detectivity, with the PbS related peak at 3.83×109 Jones 
and the C60 fullerite rod related peak at 1.84×10
9 Jones. This was lower than the maximum 
detectivity for the 850PbS device, but this could have been due to the 850PbS device peak having a 
contribution from both the nanocrystals and the fullerite rods, therefore enhancing the photocurrent 
measured. 
 
5.4.7 Transient Time Response 
The time response for an 1100PbS with 3:2 ratio C60 in m-xylene to IPA fullerite rods 
photoconductor on 6 by 30 µm electrodes was measured with a 30 V supply voltage and excited 
with a wavelength tunable laser set to 808 nm. Figure 5-39 shows the overall time response of the 
device along with the fitted curve, using the ExpDec3 function from the graph and data analysis 
software Origin by OriginLab. This had a near perfect fit of 99.99%, with the decay equation 
shown in Equation 5-4. 
 𝑉(𝑡) = 𝑉0 + 𝐴1𝑒
−𝑡
𝜏1 + 𝐴2𝑒
−𝑡
𝜏2 + 𝐴3𝑒
−𝑡
𝜏3  Equation 5-4 
Where V(t) is the voltage, V0 is the voltage offset, A1, A2 and A3 are constants, t is the 
time, and 𝜏1, 𝜏2 and 𝜏3 are the time constants. 
 
Figure 5-39: Time response spectra for 1100PbS/C60 fullerite rod device, with the red dotted line showing the fitted curve 
with the table showing the fit details. 
 
For the 1100PbS/C60 fullerite rod device, the time response for the decay showed that 
were three time constants, which were 𝜏1=0.46 ms ± 8.4 μs, 𝜏2=2.2 ms ± 38 μs and 𝜏3=12 ms ± 
0.14 ms. This indicated that there were three processes involved in the decay, with one being much 
slower than the others. Theoretically the three processes involved with the device, as discussed in 
Figure 2-13 in Chapter 2, were the direct extraction of electrons from the C60 rods to the electrodes 
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related to τ1, due to this process being the fastest. The extraction of electrons moving from PbS to 
the C60 rods related to τ2 and the extraction of electrons in the trapped states of the C60 rods related 
to τ3, due to this process being the slowest. 
 
5.4.8 UV region Device Characterisation 
The UV detection of the blend devices was studied the further extend the usable 
wavelengths for the photoconductor operation and increase uses. Along with this multiple exciton 
generation (MEG) will be explored as this occurs in the UV. MEG in quantum dots occurs at 
photon energies higher than three times the bandgap of the material and shows promise in 
enhancing the detectivity of devices in the UV along with increasing the power conversion 
efficiency of solar cells which is limited to around 33% [49] [171]. For the 850PbS this would 
occur at 258 nm (4.89 eV), 1100PbS this would occur at 339 nm (3.66 eV) and 1500PbS this would 
occur at 481 nm (2.58 eV). 
The UV photocurrent response of all the 5:1 blend devices created for both 850PbS and 
1100PbS was studied to see if the devices can still operate in this region and if there is any 
indication of MEG. A IL6 deuterium light source from Bentham was used with a wavelength range 
of 200 to 400 nm and 30 W power instead of the normal white light source, with the rest of the set 
up staying the same as the previous photocurrent measurements. The spectra for both the 5:1 
850PbS and 1100PbS is shown in Figure 5-40for a 30 V supply voltage.  
 
 
Figure 5-40: UV responses for the hybrid blend PbS/C60 fullerite devices.  
 
The UV response from both devices is independent of the power fluctuating with 
wavelength, from the light source. With regards to MEG occurring, it is not obvious that there is 
any clear enhancement at the expected region of three times the optical gap. The expectation was 
that the C60 fullerite rods are the main mechanism for producing photocurrent in the UV-visible 
region with it dropping to the dark current at around 400 nm based on the absorption spectra for 
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C60. This was not the case and the PbS may have taken over again in the UV region, but was not 
very efficient, hence the responsivity not increasing. The devices did show a response in the UV 
region but the detectivity is low when compared to the visible and near-IR regions. The 850PbS 
blend device performed the best and stayed above 108 Jones, with the 1100PbS blend device having 
a detectivity below 108 Jones and even falling below 107 Jones at very low wavelengths. This does 
not compare to commercial devices that operate in the UV region only, for example GaP 
photodiode with a detectivity above 1013 Jones [83], but does at least enhance the low wavelength 
range of C60 nanorod photoconductors, with a detectivity of 10
7 Jones at wavelengths higher than 
350 nm [42]. 
 
5.4.9 PbS Thin Film Devices 
Thin film PbS nanocrystal photoconductor devices were attempted to be fabricated for use 
in photocurrent measurements inside a cryostat to observe the low temperature stability of such 
devices. This could enable their use in low temperature climates, where the stability and low lag 
time of the measurements is vital. Due to the photoconductive nature of the devices, they have high 
time constants, but trap states in the PbS could provide a faster response, however will have a 
lower gain [172]. Previous studies on the temperature dependence of PbS have shown the 
responsivity drops when the temperature lowers, but only go down to 200K [173].  
To create thin film of PbS that can then be used for devices, spin coating the PbS 
nanocrystals directly on to the substrate was decided upon as the best method. To do this, the 
colloidal PbS quantum dots required a different solvent for them to be dissolved in due to the 
solvent needing to quickly evaporate off the substrate during the spin coating process. Toluene has 
an evaporation rate of 2.2, relating to butyl acetate equalling 1 [174]. Chloroform has an 
evaporation rate of 11.6, relating to butyl acetate equalling 1 [175]. With the evaporation rate, the 
higher the number, the higher the evaporation speed, with chloroform having an evaporation rate 
nearly six times higher than toluene and therefore evaporating considerably faster. Therefore, 
chloroform was more suitable as a solvent for the colloidal quantum dots with regards to creating 
thin PBS films using spin coating. The PbS quantum dots were changed from being in toluene to 
chloroform using the sealed solvent exchange method. The weights and amounts of solvent in order 
of the steps for the sealed solvent exchange process are shown in Appendix H. Both the 850 and 
1100PbS in toluene were found to be under the 10 mg/ml that was expected, instead being around 
6 mg/ml. The 1500PbS was significantly lower at about 3 mg/ml, which could explain the 
difficulties with fabricating a device that shows any photocurrent relating to the nanocrystals. With 
all the PbS in chloroform set to 30 mg/ml this should reduce this problem, as well as enabling a 
better quality of PbS film to be created, due to the higher concentration of PbS nanocrystals in the 
solvent. 
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To ensure there was no damage caused to the PbS nanocrystals in the solvent exchange and 
that they had successfully been transferred from toluene to chloroform, the absorption was 
measured. Figure 5-41 shows the absorption spectra for all the PbS in chloroform. The relative 
intensities of all the peaks were a lot closer to each other than when in toluene, due to all having the 
same concentrations. This showed that the absorption had a similar peak position to when in 
toluene with a shift of less than 20 nm, as shown in Table 31. The 1500PbS still showed a reduced 
performance which could suggest an inferior batch of quantum dots compared to the others or 
possible oxidation of the nanocrystal. This would explain why it was difficult to get a response 
from devices made with the 1500PbS, with no response in the near-IR and just a response from the 
C60 fullerite rods. 
 
Figure 5-41: Absorption spectra for all the PbS nanocrystals in chloroform set a 30 mg/ml. 
 
Table 31: Peak absorption positions for PbS in toluene and chloroform. 
Solvent 
850PbS 
peak position / nm 
1100PbS 
peak position / nm 
1500PbS 
peak position /nm 
Toluene 761 1020 1450 
Chloroform 751 1001 1441 
 
With the PbS nanocrystal now in a suitable solvent for spin coating, the thin film PbS 
nanocrystal layers were fabricated on the silicon oxide on silicon substrates, which provided the 
best contrast for observing the thickness of the PbS layers when used with the scanning electron 
microscope (SEM). The spin coating settings and steps were based off a previously reported study 
on thin film of PbS [163]. For each of the three sizes of PbS quantum dots, samples with 1, 2, 3, 4 
and 5 layers were created on the silicon oxide on silicon substrates along with another set with the 
spin coater run at half the rpm to effectively double the thickness of each layer. The thickness of 
each layer was quantified by using SEM to cut an angled channel into the film and substrate and 
then measure the thickness of the layer built up with the stage tilted, to 52°, increasing the accuracy 
of the measured thickness. A layer of about 100 nm thick platinum was sputtered on top of the PbS 
films to help with locating the surface edge of the PbS film and further increase the accuracy, by 
providing more of a contrast for the SEM. Too much charging occurred in the PbS film for high 
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vacuum SEM, which would make obtaining an image difficult due to the PbS appearing see 
through. To solve this, low vacuum SEM was used to reduce the charging, with a HV, the 
accelerating voltage for the electrons, set to 30 kV. Unfortunately only the 1100PbS film was 
studied with the SEM, with Figure 5-42 showing the channel and thickness for 1 layer and Figure 
5-43 showing the channel and thickness for 5 layers in two positions. The surface quality of the 
PbS film was uniform, with no defects visible and the surface being smooth to around 10 nm. With 
the 5 layers of PbS film, there was a crack in part of the film, which was the only defect present. 
 
Figure 5-42: SEM image for 1 layer of the 1100PbS film showing the channel cut into the sample and a zoomed in image 
showing the thickness of the PbS layer. 
 
 
 
Figure 5-43: SEM image for 5 layers of the 1100PbS film showing two channels cut into the sample and a zoomed in 
image of each channel showing the thickness of the PbS layer. 
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A thickness study using the SEM was carried out with the 1100PbS for 1 to 5 layers at two 
positions for each sample. Further thickness measurements were made using the software ImageJ 
and the average, minimum and maximum thicknesses for each of the PbS film layers are shown in 
Figure 5-44. This shows that, with each layer built up, about 25 nm is built up in thickness. This is 
different to the thickness build up from the comparison, but could be due to using different sized 
quantum dots along with a different spin coater. 
 
Figure 5-44: Thicknesses of the PbS film depending on amount of spin coated layers. Orange line shows average 
thicknesses from a journal as comparison [163]. 
 
The layer thicknesses were also attempted to be measured using other non-destructive 
techniques so that devices made from the PbS films can be classified. The spectral and diffuse 
reflectance kit for the Varian Cary 5000 UV-visible-near-IR spectrophotometer was used to 
measure the spectral reflectance of the PbS layers, by obtaining the spectral plus diffuse reflectance 
spectra and then subtracting the diffuse reflectance spectra from this. The spectral reflectance 
waveform produced would then be able to be calibrated with the SEM layer thickness 
measurements. Unfortunately this did not work with there being too little of a difference in the 
spectra between layers even for the thicker half spin speed samples.  
Alternatives for measuring the thickness include spectroscopic ellipsometry and X-ray 
reflectivity measurements [176] [177]. Both techniques are non-destructive and would give a 
thickness without the need to calibrate using SEM measured thicknesses.  
 
5.5 Summary 
For the formation of C60 fullerite rods, the best chemicals to use were shown to be IPA and 
m-xylene. The ratio of C60 and m-xylene to IPA that was best for creating rods that were 
sufficiently long enough and greater than the maximum 30 µm spacing between the gold 
electrodes; was 3:2. The rods were easily long enough that even if slightly rotated they would still 
contact both gold electrodes and were also highly uniform in length which was ideal, with a mean 
length of 32 µm and a markedly low standard deviation of ±2 µm. This process has also been 
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shown to be highly repeatable. 1,3 dichlorobenzene was not suitable for producing fullerite rods 
that would be usable in devices, despite the length of the rods being considerably longer, as there 
was a large number of significantly shorter and fewer rods formed as a whole. This caused drop 
casting to be difficult for making a film that covers the electrodes fully and with few gaps. Also the 
long rods formed were not uniform and had either not completely grown or had breakages and 
there was a large difference in lengths between batches, but adjusting the ratios more may aid this. 
With the long fullerite rods produced, they could be used for singular fullerite rod devices, to 
reduce the resistivity. 
In general when the devices are illuminated, the photocurrent was significantly higher than 
the dark current. With increased bias across the device, the responsivity of the device was increased 
along with the EQE and detectivity. The photoconductor using 850PbS did have unfamiliar visible 
spectra so will need further investigation. Devices using 1500PbS need improvement due to the 
nanocrystals, as already mentioned, being more dilute. 
The device manufactured with the highest performance was the photoconductor utilising 
1100PbS nanocrystals and C60 fullerite rods with two layers of both. This device had a low dark 
current when not illuminated of 15 nA, and an enormous increase in the current of about 900 times 
upon illumination. This device outperformed similar devices using single layers, with detectivity 
above 109 Jones from 400 to 1070 nm, with a maximum detectivity of 8.1×109 Jones and the 
majority of the spectra above 4×109 Jones, which is comparable to other reported PbS 
photoconductor devices with oleic acid ligands [15].  
The repeatability studies showed that the method of manufacturing the devices is not easily 
repeatable. The main problems being the unknown concentration of the C60 rods formed in the 
solvent to the amount PbS nanocrystals drop cast not being measurable.  
The ratio study showed that increasing the PbS in relation to the C60 fullerite rods aids with 
the quality and performance of the device as long as the PbS concentration was not too high in 
relation to the C60 rods otherwise there was a reduction in performance. Utilising the 850PbS 
provided high detectivity above 1010 Jones, which was high for a photoconductor using PbS and 
C60, especially with the long oleic acid ligand chains, with the detectivity normally in the region of 
109-1010 Jones [15]. The 1100PbS/C60 fullerite rod devices had a broadband spectral response from 
350-1200 nm, with a low response in UV from 200 nm upwards and detectivity around 
4×109 Jones, which is still reasonable for PbS/C60, especially with oleic acid ligands. Compared to 
the devices fabricated earlier, the ratio study had increased the detectivity roughly two fold 
compared to the similar single drop cast devices. 
Further work is required with the devices to ensure the repeatability of the results, but the 
inaccuracy with the electrode manufacture would need significant improvement, specifically the 
electrode dark current accuracy. The stability of the devices would also need to be studied, with the 
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devices currently only showing a response for a couple of days before degradation of the response. 
This was not a problem for the work here, as the devices were studied as soon as they were made, 
but to have any commercial applications, encapsulation would need to be looked into, with the 
most likely cause of degradation being the oxidisation of the PbS nanocrystals. 
While the devices did operate in the UV region, there was little to no evidence to suggest 
MEG, with further work required to fully understand the mechanism and how to distinguish it from 
the normal methods of producing photocurrent. Smaller sized nanocrystals may help with this, due 
to the larger bandgap and effects closer to that of the single quantum dot. This would cause MEG 
to occur deeper in to the UV and be simpler to distinguish from any other mechanisms that 
occurred in the UV region nearer the visible region. MEG is still a mechanism of great importance, 
with many recent studies being conducted on trying to solve the Auger recombination problem as 
well as how to accurately show it occurring [171] [178] [179].  
Despite the thin films of PbS being created, the study was unable to be continued and the 
use of the films in devices was not explored. The layers were accurately fabricated and would 
provide high quality thin films for the interdigitated electrodes and enable temperature dependent 
photocurrent measurement with PbS. 
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6.1 Conclusion 
The overall aim of this work was to develop and characterise a series of different 
semiconductor materials for use in photonic devices, ranging from the UV to the IR. This was 
divided into two main areas of study; the first characterising the electronic properties and growth of 
bismide containing III-V semiconductor alloys for applications in the near and mid-IR. The second 
area involved the use of lead sulphide (PbS) nanocrystals and buckminsterfullerene (C60) fullerite 
photoconductors with applications in the UV, visible and the near-IR. The key findings for each 
area are summarised in the sections below, along with suggestions for future work that is of interest 
and follows on from this thesis. 
 
6.1.1 Bismide Based III-V Semiconductor Alloys 
The quaternary bismide alloy, InGaAsBi, was studied for photonic device applications in 
the mid-IR. It was found that MOVPE grown InGaAsBi/InP was of a higher quality compared to 
the MBE grown InGaAsBi/InP, with the MOVPE samples showing a PL signal from 15K all the 
way to room temperature. The MBE grown samples struggled to have an observable PL above 
150K with the spectra hidden by the background noise, with a PL intensity around 100 times 
weaker than the MOVPE samples at 15K. It was not possible to compare the same bismuth fraction 
PL spectra for both growth methods as the MBE grown samples incorporated 2-3 times more 
bismuth compared to the MOVPE growth with a high of 6.5% from RBS compared to less than 
0.5%. This was helped by the ability to grow at lower temperatures compared to MOVPE, which 
has problems with growth temperatures below 400°C causing problems with carbon incorporation 
from precursors decomposition [74]. While MBE growth incorporated more bismuth, there were 
large broad defect peaks visible in nearly all the samples, which match up to known majority 
electron and hole trap states.  
Using RBS in addition to XRD and PL, has shown a greater insight in to the InGaAsBi 
samples with the random angle RBS study providing accurate elemental and thickness composition 
for each sample. This matched with XRD and PL compositions, effectively explaining the 
differences between the two. In addition to this, an RBS channelling study provided a more 
detailed insight into the causes of unexplained XRD and PL features, whether it is related to strain 
or the presence of defects, as well as any other defects that were not clear from the other 
techniques. One of the MOVPE grown InGaAsBi samples was confirmed as actually containing 
~0% bismuth, with no bismuth response from RBS, indicating the shift in PL was due to a higher 
indium fraction rather than bismuth. From just XRD and PL it was impossible to tell this with any 
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confidence and RBS was found to be a very helpful technique in confirming this. The MBE grown 
samples displayed a lower crystal quality, with the capped samples grown at 310°C being the most 
crystalline. The capped layer appeared to have helped with bismuth incorporation and quality, 
suspected to be from the higher 500°C growth for the capped InGaAs layer. 
The RBS channelling study was the first attempt on this material system at Surrey. Further 
improvements and characterisation are required to give a more complete picture on the samples. 
The run time correction needs improvement, as when the RBS spectra is taken it should only 
include the life time when the ion beam is on and not the dead time when it is idle, which can vary. 
This would eliminate the pulser increase observed in some of the channelling points. Further to this 
a more detailed mapping of the channels could be obtained, as rotating the beam along one axis 
does not indicate where in the channel the measurement was taken. The measurement could 
potentially have been taken across a smaller or larger width of each channel, depending on the 
cross section. To prevent this, the channel could be taken along 4 axis taking into account the 
whole channel as previously reported for Mn in GaN [156] [141]. This may also enable the indium 
and gallium to be located and observe any patterns or ordering between the two when grown or if it 
is completely random as intended. Along with this, use of the computer simulation code FLUX, 
based off several Monte Carlo (MC) simulations, which simulates channelling for the sample’s 
perfect crystal could be used [180] [181]. This can be compared with the experimental data to 
confirm presence of lattice mismatch and quantify the amount of interstitials of each element in the 
samples. 
Along with improvements to the techniques characterising the samples, to clarify the 
characterisation of III-V alloys, an ideal set of samples would have (i) the same elemental 
contribution at different temperature growths, (ii) same growth temperature but different indium 
contents, (iii) same growth temperature but different bismuth contents and (iv) capped and 
uncapped samples for both growth methods. This would enable an exact understanding of which 
changes in growth affect what. Along with this, InAsBi samples could be studied with InAsBi 
pushing the response further into the mid-IR compared to InGaAsBi as well as having a simpler 
ternary structure. 
Further analysis techniques could also be used in conjunction with XRD, PL and RBS. 
With photo-reflectance (PR) giving more details about the spin orbit splitting energy and for what 
bismuth percentage the condition ∆𝑆𝑂> 𝐸𝑔 is met [4]. Transmission electron microscopy (TEM), 
high resolution transmission electron microscopy (HRTEM) and  scanning electron microscopy 
(SEM) would provide more details about layer thickness and distribution along with the presence 
of cluster or droplets on the surface which have previously been observed in ternary bismides [144] 
[135]. 
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6.1.2 PbS/C60 Fullerite Photoconductors  
Photoconductors utilising PbS nanocrystal and C60 fullerite rods were studied for use as 
broad spectral response, high detectivity detectors, for the UV to near-IR. The C60 fullerite rod 
formation was shown to be quick and repeatable, with m-xylene and IPA in a 3:2 ratio producing 
highly uniform fullerite rods with a mean length of 32 ± 2 µm. The photoconductors all showed a 
significant increase in current upon illumination compared to the dark current, with the 850PbS 
nanocrystal devices increasing ~1000 times and the 1100PbS nanocrystal devices increasing ~800 
times. The 1500PbS did not show a response in devices and were suspected to be oxidised. Initially 
the devices were difficult to repeat due to the drop cast fabrication, which while quick and easy did 
not allow control over the amount of PbS nanocrystals to C60 fullerites. 
The ratio study showed that increasing the PbS in relation to the C60 fullerite rods aids with 
the quality and performance of the device, as long as the PbS concentration was not too high in 
relation to the C60 fullerite rods which results in a reduction in performance. Utilising the 850PbS 
provided high detectivity above 1010 Jones, which was high for a photoconductor using PbS and 
C60, especially with the long oleic acid ligand chains, with the detectivity normally in the region of 
109-1010 Jones [15]. The 1100PbS/C60 fullerite rod devices had a broadband spectral response from 
350-1200 nm, with a low response in UV from 200 nm upwards and detectivity around 
4×109 Jones, which is still reasonable for PbS/C60, especially with oleic acid ligands. These 
photoconductors are comparable with devices on the market, as even though the detectivity is 
lower by a factor of 10-1000 Jones, there is an enhancement in the spectral range especially if PbS 
nanocrystals with a response further into the near-IR were used, for example out to 1600 nm. This 
would enable cheap broad spectral response and reasonably high detectivity devices to be 
fabricated, with various wavelength PbS quantum dots purchasable for $399 for 100 mg of 10 mg 
PbS per ml of toluene from Quantum Solutions [182]. As little as 10 µl of PbS nanocrystals is 
required for a device with an area of 25 mm2, making individual devices very cheap to manufacture 
along with not needing a complicated and expensive fabrication process. There is also no 
requirement for a particular substrate to be used, offering many options along with flexible 
substrates or embedding with silicon electronics [15]. 
The repeatability of the photoconductors needs more investigation, but the ratio study 
showed promise with making repeatable devices. Along with this the stability of the nanocrystals is 
not high enough, with oxidation occurring over time, suggesting that encapsulation of the devices 
may be required. 
A more in-depth MEG investigation is required to understand to what extent MEG occurs 
in the UV region and how to detect it. Further to this the thin film studies for the PbS nanocrystals 
showed promise with highly uniform films able to be spin coated. The films could then be used 
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with electrodes to create devices that can be operated in a cryostat to examine the temperature 
dependence of the devices and potentially gain more information on the processes occurring. 
Changing the higher mobility material in the photoconductors could also improve the 
devices with doped C60 fullerites that are still achievable using liquid-liquid interfacial precipitation 
(LLIP) method. Superconductive potassium doped C60 fullerites have already been demonstrated 
[183]. The devices could also be used with other materials such as graphene and PCBM, but the 
compatibility with PbS nanocrystals would need further investigation. Another improvement would 
involve the exchange of the PbS ligands with butylamine ligands, reported as having the highest 
detectivity [78].  
With the simple manufacturing process, array devices could be created easily from just 
drop casting onto sets of electrodes. This could open up the ability to create pixel array imaging 
devices on flexible substrates or even for quick imaging feedback. 
 
 a 
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Appendices  
A. Bismuth Containing III-V Alloy Compositions Summary 
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B. Beamsplitter and Detector Combinations for FTIR 
Table 32: Beamsplitter and detector combinations with the wavelength ranges they work with. 
Beamsplitter Detector Range / µm 
Quartz 
Internal Silicon 0.4 – 1.162 
Internal InGaAs (extended) 0.833 – 2.631 (low detection until 1.5) 
Cooled external InGaAs 0.833 – 1.85 
Cooled InSb 1.5 – 5.5 
Cooled Ge 0.8 – 1.8 
KBr 
Internal Silicon Incompatible 
Internal InGaAs (extended) 1.351 – 2.631 
Cooled external InGaAs 1.351 – 1.85 
Cooled InSb 1.5 – 5.5 
Cooled Ge 1.351 – 1.8 
 
While the Quartz beamsplitter was usable over the same range as the potassium bromide 
(KBr) beamsplitter, KBr was preferable due to its higher transmission at these wavelengths, giving 
greater signal strength. In addition to this, a 715 nm filter was used just before the detector to block 
off the 532 nm laser line from hitting the detector. A 1064 nm line filter was used in addition to the 
715 nm filter to prevent the 1064 nm laser being detected.  
The transmission spectra for several of the different filters are shown in Figure 7-1. Due to 
the 1100 FEL filter having a lower transmission than the 715 nm glass filter, the glass filter was 
used along with this filter in order to transmit PL from samples with a response less than 1100 nm. 
The Si coated 3-5 µm filter will be used for samples with a response greater than 2750 nm, despite 
the reduced transmission where the other filters still transmit. The PL spectra collected was 
corrected using the system response with the selected beamsplitter and filters. 
 
Figure 7-1: Transmission spectra for several different types of filter. The 1064nm laser is shown by the blue line. 
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C. Bismuth Containing III-V Alloy Results Summary 
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D. PbS/C60 Fullerite Photoconductor Results Summary 
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E. Electrode Fabrication 
The three different types of photoresist used were, AZ5214E, S1805 (with SF6) and S1813. 
The recipes are shown in Table 33 are for positive resists, but AZ5214E was also used as a 
negative resist, with the recipe used shown in Table 34. 
Table 33: Recipes for positive photoresists     Table 34: Recipe for negative photoresist 
Settings AZ5214E S1805 S1813 
 
     
Settings AZ5214E 
Primer spin 
coat 
4000 rpm, max 
acceleration, 15 sec 
3500 rpm, max 
acceleration, 30 sec 
3500 rpm, max 
acceleration, 30 sec 
Primer spin coat 
4000 rpm, max 
acceleration, 15 sec 
Lift off agent 
spin coat 
N/A 
SF6, 3500 rpm, 
max acceleration, 
30 sec 
N/A 
Photoresist spin 
coat 
4000 rpm, max 
acceleration, 30 sec 
Lift off agent 
bake 
N/A 82ºC, 7 min N/A First bake 95ºC 1 min 
Photoresist 
spin coat 
4000 rpm, max 
acceleration, 30 sec 
3500 rpm, max 
acceleration, 30 sec 
3500 rpm, max 
acceleration, 30 sec 
Exposure with 
mask 
7 mW/cm2, 7 sec 
Photoresist 
bake 
95ºC, 1 min 78ºC, 5 min 110ºC, 2 min Second bake 120ºC, 2 min 
Exposure with 
mask 
7 mW/cm2, 6 sec 7 mW/cm2, 7 sec 7 mW/cm2, 7 sec 
Exposure 
without mask 
7 mW/cm2, 30 sec 
Development 
4 parts water to 1 
part AZ351B or 
AZ326 MIF 
MF319, 10 sec MF319, 35 sec Development AZ326 MIF, 50 sec 
 
Using AZ5214E as a positive resist was found to be unsuitable for the process, with many 
defects or photoresist left behind, causing either breakages in the electrodes or shorting across the 
electrodes. Using AZ351B as a developer caused problems with the dark current, which ranged 
from 3 µA to 500 nA at 30 V. Changing to AZ326 MIF, which is metal ion free, improved the dark 
current to 1 µA to 100 nA at 30 V. This was still far too high, especially when combined with only 
a 25% success rate that the set of electrodes was not shorted for 6×30 µm spacing, with 10×10 µm 
spacing all being shorted. 
AZ5214E performed better when used as a negative resist, with no photoresist being left 
between the electrodes, but there were still defects. A problem with the negative process was 
during development, where the outer sets of electrodes would take significantly longer to develop 
compared to the inner electrodes. The dark current for the sets of electrodes ranged from 200 nA to 
60 nA at 30 V.  
Using S1805 as a photoresist required a lift off agent to be used as well, SF6, due to the 
resist being thinner than others. The resist produced good clean sets of electrodes in general with 
the sets of electrodes having a dark current of 60 nA to 1 nA at 30 V. 
The metals used for the electrodes were titanium, to act as an adhesion layer, followed by 
gold. Titanium had a deposition rate of 2 nm/min and required a layer of 6-10 nm. Gold had a 
deposition rate of 7.5 nm/min and required a layer of about 50-120 nm. 
After metallisation the substrates were submerged in acetone or 1165 microposit remover 
for lift off. Once lift off was completed, the electrodes needed to be treated before being used in 
devices. This was carried out by using an oxygen plasma chamber to remove residual photoresist.  
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F. LabVIEW Program for I-V collection 
 
 
 
G. LabVIEW Program for Photocurrent and Optical Power 
Collection 
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H. Sealed Solvent Exchange of PbS Nanocrystals 
 
Table 35: Quantities of solvent and weight for the sealed solvent exchange process for PbS nanocrystals. All values in 3 
significant figures, actual values used in 6 significant figures 
 850PbS 1100PbS 1500PbS 
PbS in Toluene 6 ml 6 ml 6 ml 
Weight glass vial and 
rubber cap 
3.93 g 3.87 g 3.89 g 
Weight glass vial, 
rubber cap and PbS in 
toluene 
5.84 g 5.28 g 5.24 g 
Weight PbS in toluene 1.91 g 1.41 g 1.35 g 
Weight glass vial, 
rubber cap and dried 
PbS 
3.96 g 3.9 g 3.9 g 
Weight PbS 30.6 mg 30.4 mg 16.3 mg 
Chloroform to make 
30 mg/ml of PbS in 
chloroform 
1 ml 1 ml 0.54 ml 
 
 
